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Abstract 


This paper discusses creep testing from some of its 
fundamental aspects. It begins by giving a brief historical 
development of physical testing, leading up to creep tests. 
Because of space limitations it only describes the creep 
testing equipment in use at the University of Michigan. 
It develops quite fully the methods employed in the plot- 
ting of data, pointing out the wnportance of selecting 
suitable ordinates. It shows the differences due to 
the single step, up-step, and down-step methods of loading. 

The paper discusses in some detail the influence of 
grain size, chemical composition, methods of manufacture, 
heat treatment and rate of creep. 


REVIOUS to 1920 the physical testing of metals was conducted 

almost exclusively at atmospheric temperatures. The tensile 
properties were the ones most commonly reported. They were ob- 
tained by determining the elastic limit, the yield point, the ultimate 
tensile strength, the per cent elongation, and the per cent reduction of 
area. In refined testing the relationship of stress to strain is deter- 
mined for values up to the elastic limit. Plotting data thus obtained 
gives stress-strain diagrams such as shown in Fig. 1. The Inter- 
national Congress for Testing of Materials in 1906 defined the elastic 
limit as the stress per unit area sufficient to cause a permanent set of 
0.2 per cent and the proportional limit as the stress which produced 
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a permanent deformation of 0.001 per cent. Most of the data were 
obtained with testing equipment accurate only to about one-thou- 
sandth or one ten-thousandth of an inch. In fact, greater accuracy 
was not sought for. 

At that time iron and steel were seldom used at temperatures in 
excess of 750 degrees Fahr. (400 degrees Cent.). It happens that 
some steels exhibit their maximum strength at this temperature. The 
properties of steel at room temperature were, therefore, sufficiently 
accurate for designing equipment to be used up to 750 degrees Fahr. 


APPLITD 


LOADS 





Fig. 1—Stress-Deformation Diagram of a 
Tension Test. 
(400 degrees Cent.). Since 1920 technical development has created 
a demand for metals which will operate satisfactorily at temperatures 
ranging from 750 to 1300 degrees Fahr. (400 to 705 degrees Cent. ) 
and in some cases to even higher temperatures. 

Testing at elevated temperatures was at first conducted to de- 
termine what are termed short-time tensile properties. Experience 
has shown, however, that often even the short-time proportional limit 
modified with a conservative factor of safety is of inadequate ac- 
curacy to be used for purposes of design. This is due to a property 
called creep which is the tendency for continuous flow or deformation 
under stress. It has been found that at room temperature copper, 
brass, aluminum, and aluminum alloys will break in tension under 
loads which were 10 to 20 per cent below the commonly accepted 
elastic limits if sufficient time were permitted. The time under these 
conditions will vary from 25 days to 9 months. At elevated temper- 
atures creep becomes a very important consideration in design be- 
cause not only is it necessary to have a material which will not 
rupture in service but also it is essential that it will not stretch or de- 
form when in use over long periods of time. These needs have re- 


sulted in a new technique of testing. The creep test is most fre- 
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Fig. 2—General View of Heat Control Side of Units. 
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Fig. 3—General View of Flow Test Equipment. 





vere- ff in 100,000 hours. It is true, metals were tested at elevated tempera- 
tt fre- tures previous to 1920, but the work at that time involved but few 
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niceties with regard to temperature control or exactness of measure- 
ments, matters on which, at this time, great stress is laid. 

Since it would be beyond the scope of this paper to describe all 
of the methods employed in making present-day creep tests, only the 
type of equipment developed at the University of Michigan for this 
work will be given. It must be understood, however, that these par- 
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Fig. 4—Diagram of Flow Test Equipment Assembly. 


ticular units are by no means the only ones which are proving suc- 
cessful. The general appearance of these units is given in Figs. 2 and 
3. An assembly section of the flow test apparatus is given in Fig. 
4. The loading device consists of a lever F pivoted at one end and 
with a test specimen fastened to the lever through a saddle arrange- 
ment close to the pivoted end. The load G is applied through an- 
other saddle arrangement at the opposite end, and the lever ratio is 
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J such that any applied load is multiplied 24 times at the test specimen. 
Knife edges are used at all points of bearing. 

The test specimen used has a diameter in its reduced section of 
0.505 inch and an overall length of 5.5 inches. Consequently, the 
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Fig. 5—Time-Elongation Curves for Carbon Steels at 1000 
Degrees Fahr. (540 Degrees Cent.). 








specimen is not of sufficient length to extend from the lever to the 
upper support but is screwed into adapters. 

The specimen is heated with an electrical resistance furnace, D. 
The furnace is wound so that the temperature over the entire length 
of the test specimen is practically uniform. The temperature gradi- 
ent over the 2-inch gage length should never be greater than 5 degrees 
Cent. 

For holding the temperature constant, a Wilson-Maeulen temper- 
ature controller is used for each individual furnace. The control 
thermocouple is placed close to the furnace winding and a separate 
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couple is fastened to the test piece itself. External resistances are 
placed in series with the furnace so that the current may be adjusted 
to a value just slightly above that required to maintain the furnace 
at the desired temperature. The automatic control throws off and 
on the full current. 

An optical system is employed for determining any changes in 
length of the test specimen. The apparatus consists of two parts; 
one part transfers any eccentric motion of the test piece to some point 
outside the surrounding furnace, while the other measures any def- 
ormation that may occur. 

A time-elongation chart resulting from a test is given in Fig. 5. 
This chart gives the results on a low carbon steel with stresses of 
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Fig. 6—Time-Elongation Curve for 70-30 Brass 
at 400 Degrees Fahr. (205 Degrees Cent.) 


9225 pounds per square inch and 7500 pounds per square inch re- 
spectively. As a result of the stress of 9225 pounds, three known 
stages of creep are developed. The first is that made up of a com- 
bination of elastic and plastic flow in which the rate of elongation is 
decreasing ; the second stage is the one in which the rate of elongation 
remains constant; and the third stage is the one in which the rate of 
elongation is rapidly increasing and will so continue until fracture 
occurs. 

One might ask the question as to whether or not the nearly 
vertical line at the very beginning of the test is a stage. It is usually 
not so considered but is rather viewed as indicative of the major 
elastic deformation. Some hold that this deformation thus repre- 
sented is all elastic, but it is the opinion of the writers that it is made 
up of both elastic and plastic deformation, though accepting that 
practically all of it is elastic. On the other hand, the deformations 
shown in the three stages, especially those in the last two stages, are 
considered by many to be all plastic in character. In all of these, it 
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is probable that although, particularly in the last two stages, the 
amount of the elastic deformation may be very small both plastic and 
elastic deformations do exist. 

In the curve resulting from a stress of 7500 pounds, there are 
two stages ; one in which the rate of flow is decreasing, and the other 
in which the rate of flow is occurring at a small, though uniform, 
rate, with a tendency toward a slight decrease in rate of flow. 

The time-elongation curve for a 70-30 brass at 400 degrees Fahr. 


(205 degrees Cent.) is given in Fig. 6. In this diagram two stages 


Fig. 8—Logarithmic Plotting of Stress Versus 
Rate of Creep Produced by that Stress. Car 
bon Steel at 1000 Degrees Fahr. (540 De 
grees Cent.). 
of creep can be noted: the first being one in which there is a constant 
decrease in the rate of creep and the second, one in which the rate 
of creep in the second stage becomes zero. 

Fig. 7 is presented to illustrate the importance of selecting suit- 
able ordinates for plotting. Scale A is plotted to a millionth of an 
inch, Scale B to one one-hundred-thousandth of an inch, and Scale 
C to one ten-thousandth of an inch. Were one to attempt to form 
any judgment as to the flow characteristics of a metal, lead for ex- 
ample, on the basis of plotting to Scale C, one would conclude that 
no flow was taking place. On the basis of Scale B, a slight, small 
flow would be detected, though the scale is such that changes in flow 
due to changes in temperature would not be indicated. On the basis 
of Scale A, not only is flow recognized, but certain irregularities are 
found which cannot help but arouse the curiosity of an investigator. 
These irregularities may be attributed to variations in temperature, 
which are extremely small, less, in fact, than 0.6 of a degree Cent. 
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Yet because of the refinements employed in determining elongation, 
it was possible to observe changes in rate of flow under a constant 
load of 200 pounds with temperature changes of only tenths of a 
degree. 

Attention is further directed to the importance of using a proper 
scale to detect a change in rate of creep. On the basis of Scale A, 
a definite change in rate of creep is noted, whereas, on the basis of 
Scale B, such change cannot be detected. 

It is quite customary to convert the time-elongation curves to a 
system of logarithmic plotting in order to predict the rate of creep 
for various undetermined stresses. Thus in Fig. 8, in the case of a 
0.10 per cent carbon steel tested at 1000 degrees Fahr. (540 degrees 
Cent.), it was determined that with a stress of 5000 pounds a rate of 
creep of about 0.028 per eent per 1000 hours was obtained. With a 
stress of 7500 pounds a rate of creep of about 0.08 per cent per 1000 
hours was obtained. With a stress of 9400 pounds a rate of creep of 
about 0.175 per cent per 1000 hours resulted. By drawing a line 
through these points, it is possible to predict the rate of creep for 
stresses intermediate between the minimum and the maximum ones 
used, and also, with discretion, to extrapolate the values for the rate 
of creep in which the stresses employed are less than the minimum or 
greater than the maximum. This is now the commonly accepted 
method of plotting data for the purpose of obtaining the rate of creep 
of metals at various desired temperatures. 

Creep testing methods are unstandardized, even after twelve 
years of intensive work. The type of testing unit used makes quite 
a difference in the results. As already pointed out, the method of 
plotting and the specific method of applying the loads are of impor- 
tance. Work is being done to compare the results obtained by single- 
step, up-step, and down-step methods of loading. A _ new test 
specimen is used for each stress in the single-step method of loading. 
In the up-step method of loading, only one test specimen is used. It 
is first subjected to a small stress and is held at that stress until the 
rate of flow becomes constant or shows a decrease. It is then sub- 
jected to a higher stress and this stress is continued until the rate of 
flow either becomes constant or shows a decrease. This procedure is 
repeated once or twice more. From the data thus obtained, it is then 
possible on log-log paper to draw a line which will give the rates of 
flow for the temperature in question at any stresses possible of de- 
termination by interpolation or extrapolation. | 
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The down-step method of loading consists in subjecting the test 
specimen to a high stress and reducing that stress to one of a lower 
value and continuing the test at that stress until the rate of flow be- 
comes constant or occurs at a diminishing rate. The stress is then 
lowered and the same procedure is repeated. This is continued for 
three or more times, after which it is possible to plot the results of 
the data. The work which has been done to date at 850 degrees Fahr. 
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Fig. 9—Influence of Method of Loading on 
the Creep Characteristics of Grade A Steel at 
850 Degrees Fahr. (455 Degrees Cent.). 


(455 degrees Cent.) on these three methods of loading shows that 
the up-step method of loading for the same stress gives higher rates 
of creep than those obtained with either the single-step or the down- 
step method of loading. The comparison further shows that the low- 
est rates of creep are obtained from down-step loading and that 
intermediate rates of creep result from the single-step method of 
loading as is shown in Fig. 9. 

Although there were no exact data to substantiate it, a relation- 
ship between the method of loading and the creep characteristics was 
predicted from theoretical considerations for the temperature in ques- 
tion. The explanation of this relationship follows: 

Metal, when tested at or below the equicohesive temperature, 
which is the lowest temperature of recrystallization, will, if in a 
severely strained condition, have many small crystals or fragments of 
crystals. These small crystals, especially those in the grain bound- 
aries, should decrease the rate of creep. The down-step method of 
loading produces this condition most ideally. Therefore, it would be 
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assumed that such a method of loading would have the lowest rate of 
creep. The experimental results proved this to be the case. 

In the up-step method of loading, less overstraining for a given 
stress would take place. Therefore, there would be fewer crystal- 
line fragments with a consequent increase in rate of flow over and 
above that resulting from the down-step method of loading. The 
results showed that this, too, was the case. 

In the single-step method of loading, the rate of load application 
should tend to be greater for a given stress than it would be in the 
up-step method of loading. This would be particularly true when 
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Fig. 10—Creep Stress Diagram for Monel Metal. 


two or more stresses had been used in the up-step method of loading, 
whereas to reach the same last stress but one application had been 
used in the single-step method. The increased rate of load applica- 
tion would tend to produce more crystallites. These would tend to 
decrease the rate of creep when compared with the rate of creep re- 
sulting from the up-step method of loading. Investigation proved 
this to be true. Since the amount of strain hardening for given con- 
ditions would be less than in the down-step method, the rate of creep 
should tend to be more than that resulting from the down-step meth- 
od. This conclusion was borne out by the experimental results. 

A matter of two or three years ago, the present writers pro- 
pounded the theory that the logarithmic plotting of stress versus rate 
of creep would, for the same metal at all temperatures below the re- 
crystallization temperature, give lines that were essentially parallel to 
one another and that, at temperatures above the recrystallization tem- 
perature, the same condition would exist, although the lines resulting 
from temperatures above the recrystallization temperature would not. 
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tially parallel. The test at 1000 and 1200 degrees Fahr. (540-650 
degrees Cent.) are above the recrystallization temperature and these 
lines are approximately parallel to one another. It will be noted, as 
expected, that for a given rate of creep the stress is lower with in- 
creasing temperature. Thus, to produce a rate of creep of 0.6 of 
one per cent in a thousand hours at 1200 degrees Fahr. (650 degrees 


RA 


Fig. 13—Effect of Composition on the Creep 
Characteristics of Steels at 1000 Degrees Fahr. 
(540 Degrees Cent.). 
Cent.), a stress of but 1400 pounds would be required; whereas, at 
600 degrees Fahr., a stress of approximately 44,000 pounds would be 
needed. 
Another theory which has been advanced by the present authors 
is to the effect that the rate of creep would be less for fine- 


grained metals than for coarse-grained metals when at temperatures 
below the recrystallization temperature, and that the reverse would 
be true or that the rate of creep would be less for coarse-grained 
metals than for fine-grained metals for temperatures above the re- 
crystallization temperature. These conditions are shown in Figs. 11 


and 12. Fig. 11 presents photomicrographs of a coarse and a fine- 


grained brass consisting of 77 per cent of copper, 22 per cent of zinc, 
and 1 per cent of tin. This particular brass was subjected to creep 
tests and the resulting data are shown in Fig. 12. 

30th of the hypotheses just stated are based on the factors caus- 
ing and interfering with the creep phenomenon which are as follows. 
Between the crystals of the metal is a cement-like product which has 
been described as amorphous but which is now generally considered 
to be submicroscopically crystalline. At room temperatures, as 
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This holds true up to the recrystallization temperature. 


The data just presented would confirm this point of view. 
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that range, however, it was felt that the large crystalline masses of- 
fered a better resistance to plastic flow than the small crystalline ag- 
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Fig. 15—Effect of Heat Treatment on the Creep 
Resistance of Steel MM9 at 900 Degrees Fahr. (480 
Degrees Cent.). 


the lines in Fig. 10 as the test temperatures changed from those be- 
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have been no reversal of the creep relationship as shown in Fig. 12. 
That is, the fine-grained brass might have shown a lower rate of 
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Tys- q creep at temperatures above, as well as those below, the recrystalliza- 
dove tion range. 
. of- Various metals have various rates of creep. The ferrous metals 
fad as a class have the lowest rate of creep. Of these, an 18 and 8 alloy, 
new. consisting of 18 per cent chromium and 8 per cent nickel and known 
as stainless steel, has shown at high temperatures a very low rate of 
creep. By high temperatures, are meant temperatures such as 1200 


and 1300 degrees Fahr. (650-705 degrees Cent.). At lower tempera- 
























tures, the creep characteristics of ferrous metals tend more nearly to 
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approach one another. The creep characteristics of a number of 
steels at 1000 degrees Fahr. are given in Fig. 13. This chart shows 
that plain carbon steel possesses the lowest stress for a given rate of 
creep and that steels designated as D-1, OV, and KA2 show high 
stress for a given rate of creep. Steels D-1, a chromium-tungsten- 
silicon steel, and OV, a manganese-molybdenum-vanadium steel, were 
developed in the laboratories of the University of Michigan for the 
purpose of making available for engineering purposes steels that will 
have good creep characteristics up to 1100 degrees Fahr. (595 de- 
grees Cent.) at a reasonable price. 

Not only has it been found that composition plays an important 
part in determining the creep properties of metals, but methods of 
manufacture should also be considered. This is especially true of 
open versus killed steels when tested above the equicohesive tempera- 
ture. Open steel is not treated with a final oxidizing agent such as 
silicon or aluminum. The gases it contains are distributed through- 
out the metal. Killed steel, on the other hand, is degasified and hence 
is more dense than steel made by the open process. It would be as- 
sumed, therefore, that the more dense steel would have the lowest 
rate of creep. This is found to be the case at temperatures of 900 
and 1000 degrees Fahr. (480-540 degrees Cent.) from the data given 
in Fig. 14 for an open and for a killed steel. It has also been found 
that heat treatment, particularly in ferrous metals, appreciably affects 
the resultant creep characteristics. The lowest rates of creep for 
temperatures above those of recrystallization usually result from a 
normalizing treatment, followed by a high draw. A high draw here 
signifies reheating of the steel to about 1200 degrees Fahr. (650 de- 
grees Cent.), followed by a cooling in still air. The difference in 
the creep characteristics of a low-alloyed steel when subjected to 
three different types of heat treatment is given in Fig. 15. In this 
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it will be observed that the lowest rate of creep is obtained from the 
normalized and drawn stock. 

These findings are not wholly unexpected when viewed in the 
light of our knowledge of the nature of crystals and crystalline ag- 
gregates and the effects of the properties of the various constituents 
in these steels. The quenched and drawn stock, because of its heat 
treatment, would have no crystals of any considerable size. Assum- 
ing that maximum creep at temperatures above the equicohesive is a 
function of crystal size and composition of crystal, then for a given 
metal that heat treatment which produced crystals of appreciable size 
would give the best creep properties. This was found to be the case 
since the results of normalizing and annealing treatments, both of 
which would give crystals of larger size than the quenching treat- 
ment, gave superior creep properties. That the normalized steel 
possesses superior creep properties to annealed steel is not so simple 
of explanation. Presumably, the annealing treatment should give 
larger crystals than a normalizing treatment. Metal thus treated, 
therefore, should, when at temperatures above the equicohesive, have 
a lower rate of creep. This was not found to be the case and a prob- 
able explanation is that the constitutional composition of the crystals 
may have played a part in the results since the crystals were in both 
cases of nearly the same size. 

Possibly no development in recent years in the metallurgical 
field has done more to ground metallurgy in fundamentals than the 
studies and investigations in the field of creep. This work has raised 
testing methods to the highest degree of precision and it is causing 
metallurgists to constantly query with respect to the nature and con- 
stitution of matter. 


DISCUSSION 


Written Discussion: By Dr. H. S. Rawdon, chief, Division of Metal- 
lurgy, U. S. Bureau of Standards, Washington, D. C. 

The authors have given us a very clear presentation of current testing 
procedure for determining the creep of metals at elevated temperatures and the 
principal facts which have been established in the past 12 years, since intensive 
research along this line was undertaken, have been summarized in this concise 
and readable presentation. 

To the writer, the point of greatest interest discussed by the authors is the 
marked difference in rate of creep at a chosen temperature which may be ob- 
tained for any material according to the method of loading used. Creep testing 
of a material, at the best, is time-consuming and expensive. The desire to ex- 
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pedite the test by using a single specimen for securing all the data required for 
any chosen temperature is a natural one and many workers have followed this 
line of attack. It is evident, however, from the authors’ data (Fig. 9) without 
further comment, that some arbitrary agreement as to the method of loading 
to be used must be reached. The situation is quite analogous to that which 
existed several years ago with respect to the determination and significance 
of “elastic limit” in ordinary tension testing. The need for specifying the 
method and procedure for determining the elastic properties of a material, ir- 
respective of the name used for their designation, has been so strongly em- 
phasized that ignorance on the part of testing engineers on this point is now 
inexcusable. 

The data presented by the authors on the method of applying the load are 
of interest from another viewpoint. Only rarely in service does the condition 
in a stressed member approximate at all closely the relatively simple condition 
which obtains in a bar under load in a testing machine. In high temperature 
service, this statement is still more applicable than in service in which tem- 
perature is not an important factor. The laboratory rate of creep, as deter- 
mined by the “single-step” method of loading, for example, need not neces- 
sarily represent actual service conditions. Indeed, in a set-up which is: being 
“pushed” in order to increase the output, the data obtained by the “up-step” 
method of loading might be more applicable. At any rate, the authors’ data 
serve a very useful purpose in emphasizing the variations in the rates of creep 
resulting from accompanying variations in the loading method. 

The explanation advanced by the authors for these observed differences in 
creep rate is not so convincing to the writer, however, as the experimental 
data are. So long as the temperature at which a test is carried out does not 
exceed that of recrystallization of the metal, it is not apparent why there 
should be any structural changes with which to correlate the observed changes 
in creep. The matter appears to be one of great significance in creep test- 
ing both from the practical and the theoretical aspect. Additional confirmatory 
work by other workers would seem to be justified by the importance of this 
phase of the general subject of the creep of metals. 

Written Discussion: By John J. B. Rutherford, U. S. Steel Research 
Laboratories, Kearny, N. J. 

The new results presented by the authors, which are in general harmony 
with the data of previous investigators of phenomenon of creep, raise a number 
of questions. The comparison of the different methods of loading is interesting, 
although it would seem that the initial load by the up-step method of loading 
ought to produce a rate of creep identical with that produced by the same load 
in the single-step method; additional loading would produce a difference in 
rate of creep by the two methods, as has been found. Possibly, had the authors 
repeated the measurements, they might also have observed this, in which case 
the slopes of the lines in Fig. 9 would have to be changed, and their inferences 
would have to be modified. 

The curves of Fig. 13 show a considerable difference in creep rate between 
steels QV and MM%9, which, however, are almost identical in stated composi- 
tion, except for the presence of 0.20 per cent vanadium. It is rather surprising 
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that this small proportion of vanadium should suffice to lessen the rate of creep ; 
to one-hundredth; further information on this point would be welcome. z tive | 
It may be of interest to note that the rate of creep of 18-8 alloy, which, : ticulé 
as is well known, is remarkably low, appears to be appreciably greater, even at tant 
temperatures of 1200 degrees Fahr., for specimens which have been cold-worked 4 meta 
than for similar specimens when thoroughly annealed. q 
Written Discussion: By G. R. Brophy, research laboratories, General 3 dow! 
Electric Company, Schenectady, N. Y. ' parti 
In this paper the authors present a clear discussion of the fundamentals of 4 reve 
creep, and the influence on the results of factors which are too frequently over- ’ is he 
looked, both by designers and testers. q 
The method of loading is very important, as has been pointed out pre- a and 
viously by Kanter and Spring, and the writer. Misleading results are obtained 7 tem] 
if this fundamental is disregarded. Probably the best method of loading is, as ¥ tion 
the authors term it, the single step. It at least is the only way that consistent 3 
results and checks can be obtained especially between laboratories. a thre 
The reader may obtain the impression from the authors’ statement at the 4 inve 
end of paragraph 1, page 10, that up-step loading always gives the highest rates 4 to | 
and down-step the lowest rates, with intermediate rates for the single-step 4 wer 
method. This is probably true for the particular steel of Fig. 9 and at the a the 
temperature of test, but the question arises, “At a lower temperature would not 3 tem 
the single-step yield the highest rate of creep, with the step-up method giving 4 wol 
an intermediate rate?” This was indicated by the writer in his own work, some ; met 
of which was presented last year. It is believed that the relation of the test k for 
temperature to the “equicohesive” temperature will determine the order of 4 
creep rates for the different methods of loading, though apparently the down- : ex} 
step method always produces the lowest rates at temperatures below and slightly Bre 
above the “equicohesive” temperature. 4 abl 
The writer prefers the term “strain hardening temperature limit” to the a thi 
“equicohesive” temperature in this connection, because of other possible factors j aln 
in the rate change of creep, for instance, precipitation hardening under the influ- d tre 
ence of strain at temperature. 4 det 
It has always been a question with the writer that a consideration of a 4 
creep rate is accurate, and that the assumption of the creep rate at the end of in 
any period, say 300 or 400 hours, represents the creep rate at the end of 100,000 ’ ral 
hours. As usually determined, this latter rate is probably safe but not at all a col 
economical. It seems that a consideration of total creep under any set of condi- ; tu 
tions would be better, and this’ may be calculated from the equation of any ha 
creep curve, at least those constructed from data obtained below the strain hard- . 
ening temperature limit. : cr 
It has been shown that the straight line relation between stress and strain m 
(creep) holds, at least for temperatures below the strain hardening temperature : ur 
tal limit. Therefore, the strains after any time interval (calculated to 100,000 pl 
hours) for two or more test loads plotted against those loads, should give the Ww 
designer an accurate means of estimating the creep at lower design loads. ; Ww 
Written Discussion: By C. R. Austin, associated with research labora- Sa 


tories, Westinghouse Electric and Manufacturing Co., East Pittsburgh. 
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The authors are to be congratulated on publishing another of their instruc- 
tive papers on the creep of metals at elevated temperatures. The paper is par 
ticularly valuable in that it focuses the attention of metallurgists on an impor 
tant avenue of approach for the consideration of the nature and constitution of 
metallic substances. 

Of particular interest are the data furnished on the up-step, single-step and 
down-step methods of establishing creep rates. The writer has recently been 
particularly interested in the effects of these various methods of approach as 
revealed in the Rohn type of test, and has run several tests on pure metals. It 
is hoped that the data will be published at an early date. 

The authors appear to confuse the terms temperature of recrystallization 
and equicohesive temperature. While it has been stated that the equicohesive 
temperature generally corresponds closely with the temperature of recrystalliza 
tion the terms are by no means synonymous, 

In attempting to explain the stress-rate of creep curves obtained by the 
three aforementioned methods, it is considered that the authors become a little 
involved. No history of the treatment of the metal previous to testing appears 
to have been given, but it is assumed that the data for grade A steel (Fig. 9) 
were obtained on annealed specimens. If such is the case, it would seem that 
the up-step test would provide the least strain on the test piece for the given 
temperature and hence the least amount of hardening. A given rate of creep 
would, therefore, be obtained with the minimum stress. By the down-step 
method, the initial load causes relatively greater hardening, so that rate of creep 
for any given load is decreased. 

To the writer the additional introduction of crystal fragmentation as an 
explanation of the phenomenon exhibited does not appear to be desirable. 
Fragmentation usually implies much more crystalline distortion than presum- 
ably takes place during the earlier stages of creep testing—at least before the 
third stage of the test is reached. During the second stage, which follows the 
almost completely elastic first stage, the total amount of deformation is ex- 
tremely small, and of the order of 0.04 per cent (see Fig. 5). This amount of 
deformation would not even show crystal distortion under the microscope. 

It should be noted that the order of the curves presented for grade A steel 
in Fig. 9 results from data obtained below the recrystallization or softening 
range (455 degrees Cent.). I should like to ask the authors if they do not 
consider that a complete reversal of location would be obtained if the tempera- 
ture were raised to somewhere in the recrystallization range. Possibly they 
have some experimental evidence to cover this point. 

Again in referring to normalized and annealed steel the authors indis- 
criminately employ the term—equicohesive temperature when they apparently 
mean temperature of recrystallization. The persistence of strain in a metal 
undoubtedly hardens the material and this, in turn, increases the resistance to 
plastic flow. Furthermore, the less the strain the higher the temperature to 
which the metal must be heated before the strain is removed. Thus, in the 
writer’s opinion, it is perfectly rational that at 480 degrees Cent. the normalized 
sample should exhibit creep properties superior to the annealed sample. 

The writer would also like to add a word on the theory advanced to ex- 
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plain the difference in behavior of fine-grained and coarse-grained metals at 
elevated temperatures. The authors of the paper state that “between the crys- 
tals of the metal is a cement-like product, which has been described as 
amorphous, but which is now generally considered to be submicroscopically 
crystalline.” As the authors have used Rosenhain’s theory of intercrystalline 
amorphous cement to explain the experimental differences obtained above and 
below the equicohesive temperature (where the strength of the crystalline 
material approximates to that of the amorphous material), it seems a little in- 
consistent to later abandon that phase and interject “sub-microscopic crystals.” 

The data plotted in Fig. 12 show a remarkable consistency in the superiority 
at high temperatures and inferiority at low temperatures in the creep resistance 
of coarse-grained in comparison to fine-grained material. In the 77-22-1 alloy, 
however, the log stress—log creep rate curves for the fine and coarse-grained 
alloy appear to intersect at a stress of 10,000 pounds per square inch when the 
rate of creep has reached about 10 per cent per 1000 hours. Does the explana- 
tion of this lie in the fact that the rate of deformation is approximating to some 
high rate where the amorphous cement exhibits a strength equal to that of the 
crystals, due to this high rate of testing, and hence renders the influence of 
amount of amorphous phase immaterial on the total creep strength of the alloy? 

The writer has studied the paper with much interest and looks forward to 
further stimulating work along the lines of the present paper. 

JeRoME Strauss: I would like to say a word with reference to the note 
of surprise expressed by Mr. Rutherford. Is it so surprising that vanadium 
should contribute to high temperature strength in view of two very well known 
facts :—the first very clearly emphasized by Dr. Reed in a paper presented at a 
meeting of the Society last year in which he showed that vanadium is the most 
powerful of the carbide-forming elements commonly associated with iron; the 
second fact known to us through long years of experience with high speed steel 
and cast iron, that vanadium is very powerful in delaying the agglomeration 
and decomposition of the carbides existing in iron-carbon alloys. 


Authors’ Closure 


We wish to express our appreciation to the various gentlemen who have 
been so kind as to discuss our paper. One of the main purposes of presenting 
papers of this type is to create discussion and in this case we feel our efforts 
have been rewarded. 

Referring first to the comments of Dr. Austin, we are in agreement in feel- 
ing that there is not a definite relationship between the equicohesive and re- 
crystallization temperature. We do feel, however, that the equicohesive tem- 
perature and lowest temperature of recrystallization are one and the same thing. 
Throughout this paper we have used recrystallization temperature to mean the 
lowest recrystallization temperature. Recrystallization temperature in itself has 
no meaning whatsoever as there are many factors which influence it. On the 
other hand, we feel that every metal or alloy of a given composition has a 
definite equicohesive or lowest temperature of recrystallization and that the 


‘Chief research engineer, Vanadium Corporation of America, 
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resulting creep characteristics are closely related to this apparently critical 
temperature. 

Partly on the basis of definition, we feel that the terms equicohesive and low 
temperature of recrystallization are identical. Our definition of equicohesive 
temperature is that temperature at which the grain boundaries possess sufficient 
mobility to allow deformation and thus fracture to occur on the boundaries. 
[he definition for lowest temperature of recrystallization is the lowest possible 
temperature at which recrystallization may (not necessarily does) occur under 
he most favorable conditions, which implies that the grain boundaries possess 
sufficient mobility to allow the grains to re-orientate themselves at the bound 
aries. 

The results which have been presented as to the effect of method of loading 
were, of course, intended to apply only to the particular steels at the particular 
temperatures considered. Similar conditions may not exist at other temperatures 
for these same steels, or for other steels even at these temperatures. Much addi- 
tional work remains to be done before the present findings may be extended too 
broadly. 

Mr. Rutherford raises the question as to the remarkable influence of 
vanadium on increasing the creep resistance of manganese-molybdenum steels. 
We have found this to be true not only in the case of this particular type of 
steel, but also in the case of many other steels that have been considered to 
date. This is especially true of steels which are commonly used for bolting 
material for high temperature applications, such as those of the chromium- 
tungsten type. 

Not only vanadium but certain other elements as well exert a very marked 
influence when small amounts are added, or when the amount present is slightly 
changed. We recently had occasion to investigate a series of 50 alloy steels all 
of which contained exactly the same three elements but in which the amount of 
these elements present was varied by 0.50 per cent increments. It is often 
startling to see the great change in creep characteristics that may be produced 
by relatively slight changes in the amount of the alloy present. It seems that 
there is a critical amount of each element which must be present in order to 
exert the maximum creep characteristics and moreover that the amount neces- 
sary varies depending on what other elements may be present. 

Mr. Rutherford also points out the fact that in single-step and up-step 
loading the same rate of creep should be obtained under the initially applied 
load. Such would, of course, be the case if it were not for the time factor. In 
the so-called up-step method of loading, the initial stress is maintained for a 
period of 400 to 600 hours, while in the single-step method, the initially applied 
load may be maintained for a period as long as 2000 hours. 

In closing we wish to state that the factors which we have presented in this 
paper are not by any means the only ones which influence the creep of metals 
at elevated temperatures. Since this publication we have investigated many 
additional factors and many more remain to be considered, some of which have 
as much bearing on the creep characteristics as those which have been con- 


sidered in this paper. 



































































FURTHER STUDIES ON CHROMIUM-NICKEL-IRON AND 
RELATED ALLOYS 


By VsevoLop N. Krivospok, WITH THE ASSISTANCE OF E. L. BEARD- } 
MAN, H. J. Hann, T. O. A. Hotm, A. Recciori AND R. S. Rose 


Abstract 


The present investigation deals with the theoretical 
considerations concerning the chromium-nickel-tron-car- 
bon constitutional diagram, with factors influencing the 
existence of metastable phases, and, in consequence of the 
latter, with the so-called “decomposition” or “disintegra- 
tion” of these alloys. Such decomposition is known to be 
accompanied by the precipitation of a constituent generally 
believed to consist of carbides. It 1s suggested that the 
precipitated constituent 1s not necessarily a carbide: in 
fact, in very low carbon alloys, the precipitated constituent 


is, undoubtedly, magnetic chromium-nickel ferrite. That 


is to say, the nature of a separating constituent 1s depend- 
ent upon the carbon content of the alloy. 

A phase change, from nonmagnetic to magnetic, ac- 
companies decomposition. Whether decomposition pre- 
cedes phase change or follows it 1s a matter of conjecture. 

The alloys were studied by means of magnetic analy- 
sis, microscopic observations, and corrosion tests. Alloys 
of extremely low carbon content, in which no carbide pre- 
cipitation could take place, are described and shown to be 
immune from decomposition. When carbon is increased 
above a certain, very small amount, the decomposition proc- 
ess is practically independent of the carbon content, and 
consequently there is very little reason to aim at the low 
carbon content in commercial alloys. 

A large number of chromium-nickel-tron alloys with 
the addition of other elements (such as cobalt, molybde- 
num, silicon, copper) are described from the point of view 
of their behavior when subjected to decomposition treat- 
ment. It was found that the additions of certain elements 
prevent phase change, but do not suppress precipitation of 
a constituent, presumably, carbides. 

A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, Dr. Vsevolod N. 
Krivobok, a member of the society, is metallurgist, Bureau of Metallurgical 
Research, and professor of metallurgy, Carnegie Institute of Technology, Pitts- 
burgh. The co-authors are all graduate students of that Institute. Manu- ‘ 
script received June 20, 1931. ’ 
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The greater the amount of special additions the lower 
is the upper limit of decomposition range. 

It has also been shown that, contrary to ordinary 
chromium-nickel-iron alloys, such precipitation has but 
little effect on some of the mechanical properties and re- 
sistance to corrosion im standard acid solutions, although 
the so-called copper sulphate test shows these alloys to be 
equally susceptible to attack. On the strength of this study, 
a suggestion is made that copper sulphate tests should be 
applied with intelligence. 

Changing the relative amounts of chromium and 
nickel in the alloy, as for example using 12 per cent nickel 
and 12 per cent chromium instead of 18 per cent chro- 
mium and § per cent nickel, does not improve the alloy 
from the point of view of decomposition. 

The resistance to decomposition of alloys with special 
additions seems to be materially influenced by carbon con- 
tent. The general indication is that the higher the carbon 
content, the larger must be the additions of those ele- 
ments, which have been found to be beneficial. 

The influence of the treatment which the alloys re- 
ceived previous to the decomposition treatment is fully de- 
scribed. Original quenching temperature of the alloy ex- 
ercises a very definite influence on decomposition. Alloys 
of different carbon content of the general “18-8” compo- 
sition can be divided into three groups, each group with 
definite magnetic characteristics after decomposition treat- 
ment. 

Numerous curves showing the relationship between 
different properties of decomposed alloys are presented. 
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INTRODUCTION 








HE present widespread application of chromium-nickel corrosion- 
resistant alloys bears testimony to the usefulness of their proper- 





ties and indicates immense possibilities. 
There are, however, two limitations which have been discussed 





rather widely, one of them intergranular attack by corroding gases 
at high temperatures', and the other grain-boundary “decomposition” 
or “disintegration” which occurs when the sample has been heated for 
some time at 1000 to 1500 degrees Fahr.* 





ee 









1Work along these lines has been in progress during the last year and although the 
results are not available for publication as yet, the preliminary progress report can be ob- 
tained by those interested by applying to Dr. V. N. Krivobok. 






*H. D. Newell reports the temperatures as 880 to 1800 degrees Fahr. 
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The mechanism of this latter intergranular decomposition has 
been the subject of a number of studies*. A commonly voiced 
opinion as to the manner of decomposition involves the belief that at 
the reheating temperatures around 1300 degrees Fahr. there is excess 
carbide due to the steel being hypereutectoid ; that in precipitating, the 
carbon associates with itself an unduly large proportion of chromium ; 
that this chromium is drawn from the grain boundary areas which 
immediately surround the carbide; and finally that as a result, these 
areas with their reduced chromium content are less resistant to 
corrosion. 

[t is our belief, however, that this matter deserves further study, 
since photographs Figs. 2 and 3 show a steel with only 0.01 per cent 
carbon, which was etched by Murakami solution (which attacks 
carbides), as compared with photographs Figs. 1 and 4 which show 
an ordinary 18-8 heated to near the peritectic temperature and a 
straight chromium steel quenched from a high temperature. 

It should be pointed out that although the decomposition is 
most pronounced at the grain boundaries, it takes place within the 
grains as well, as shown in photograph Fig. 5. 

In 18-8 alloys the carbide precipitation at 1300 degrees Fahr. is 
accompanied by the appearance of magnetic constituents whose 
presence is ascribed to transformation of austenite, this transforma- 
tion being in turn ascribed to a lowering of the stability when the 
chromium is withdrawn from the solution and precipitated in the 
carbide. 

When it was observed that the alloys became less resistant to 
corrosion and at the same time became magnetic, it was perhaps 
natural to seek a relationship between the magnetic properties and 
the corrosion resistance. Indeed such a relationship was found 
to hold in the case of certain 18-8 alloys with various carbon contents. 
However, it soon became apparent that the corrosion phenomena 
depended on the extent of the carbide precipitation, whereas the 
magnetic phenomena depended on the amount of alloys, especially 
nickel, which might preserve the alloy nonmagnetic and yet permit 
it to show the corrosion phenomena. 


8H. H. Lester, Transactions, American Society for Steel Treating, Vol. 16, No. 6, 
1929, p. 743. B. Strauss, H. Schottsky and J. Hinnuber, Zeitschrift fiir Anorganische und 
Allgemeine Chemie, Vol. 188, March 1930, p. 309. Also Metals and Alloys, Vol. 1, No. 16, 
Oct. 1930, p. 785. R. H. Aborn and E. C. Bain, Transactions, American Society for Steel 
Treating, Vol. 18, 1930, p. 837. V. N. Krivobok and M. A. Grossmann, TRANSACTIONS, 
American Society for Steel Treating, Vol. 18, 1930, p. 808. 
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Fig. 1—Chromium-nickel Alloy (18-8) Heated to High Temperature and Etched with 
Murakami Reagent. X 250. ; 7 
Fig. 2—Alloy No. 18-8-1 Showing the Structure of the Alloy As-cast. 
Murakami Reagent. X 250. 
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Fig. 
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Alloy No. 18-8-1. Same Specimen as Fig. 2 Magnified 


Both Constituents have 


Approximately the Same 


Hardness. 


2500. 


Etched with 


Scratches 
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Steel 


Stee 


No. 


Stee 


No 





i Fig. 4—Alloy Containing 21.4 Per Cent Chromium and 0.62 Per Cent Carbon, a 
a Heated to a Temperature Where Peritectic Reaction Should Take Place. Etched with a 
Murakami Reagent. x 250. 

Fig. 5—Decomposed 18-8 Alloy. Note Decomposition at Grain Boundaries as Well 
as Within the Grains. Etched with Murakami Reagent. x 2500. a 
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Table I 
Charpy Impact Test Values 


Analysis of Steel Used Per Cent 


Cr Ni C Mn Si P Cu Mo S 
Steel No. 1 18.14 7.91 0.15 0.40 0.32 0.018 0.018 
Steel No. 2 18.90 8.81 0.13 0.48 1.17 0.95 
3 18.21 9.06 ) 1.02 








High Temperature 
Quench inWater 
Temperature Time at 


Low Temperature 
Treatment Air Cooled 
Temperature Time at 





Charpy Impact Test 


lreatment of Temp. Hrs. of Temp. Hrs. Values Average 
Steel 1 2100* 4 57.4 53.6 sao 
; No.1 2 2100* 4 73.0 no break 73.0 
a 3 2100 ; no break no break 
“4 4 2100 4, 1700 100 66.7 70.2 68.5 
“a 5 2100 14 1400 100 31.3. Det. -2e3 22.5 
a 6 2100 ly 1200 100 54.8 44.6 44.5 48.0 
= 7 2100 i, 1000 100 67.3 64.8 57.6 63.2 
4 Steel 8 2100 \ none 67.2 no break 70 
% No.2 9 2100 \/, 1700 ~~ Al apvaro eratensed eh a 
" 10 2100 4 1400 100 35.6 34.2 34.9 
§ 11 2100 YY 1200 100 58.3 56.5 57.4 
J 12 2100 V/, 1000 100 65.5 65.8 65.7 7 
Steel 13 2100 WA none 51.4 2 46.8 
No. 3 14 2100 l/, 1700 ee ee et ai 
15 2100 iy 1400 100 31.4 29.2 30.3 
16 2100 iy 1200 100 48.4 55.0 51.7 
17 2100 Vy 1000 100 54.7 50.9 52.8 
18 2100 iy 
*Instead of quenching, sample No. 1 was furnace cooled and sample No. 2, air cooled. 
(R. Tindula, in author’s laboratory) 
Table II 
Mechanical Properties of 18 Per Cent Chromium, 8 Per Cent Nickel Alloy 
Ultimate Yield Re- 
Strength Point Elongation duction 
Condition or Carbon (Lb. per (Lb. per (Per Cent in of Area Brinell Charpy 
Treatment Content sq. in.) sq. in.) inches) (percent) Hardness Impact 
8,930 hrs. 0.04 101,500 39,000 42.5 36.4 149 50 
920° F oil 
outlet 
several 1000 0.05 94,750 39,800 37.5 43.0 146 85 
hrs. 920° F 
oil outlet 
10,200 hrs. 0.05 96,200 38,900 41.0 32.6 152 57 
920° F oil 
outlet 
10,200 hrs. 0.05 92,300 37,800 41.0 31.6 154 45 
920° F oil 
outlet 
13,500 hrs. 0.06 85,430 38,490 44.0 42.0 152 73 
920° F oil 
outlet 
3,600 hrs. 0.09 84,690 42,050 26.9 26.0 145 59 
1,200-1,300° 
F tube tem. 
10,000 hrs. 0.20 92,700 73,900 16.0 9.0 285 22 
pre-heater 
tube 
(From Symposium on Effect of Temperature on the properties of Metals. A. S. T. M. 
p. 339. Data attributed to H. D. Newell). 
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Furthermore the decomposition affected the mechanical proper- 
ties as indicated in Table I and Table II. 































With these various phenomena in mind, it was decided to stud) 


the magnetic, microscopic and corrosion behaviors of a number of MMB  ys.31 
alloys. mm issc 
4 18-8-1 
4 18-8-2 
II. Attoys EXAMINED AND THE METHOD OF PROCEDURE ’ : 
1 P 
The alloys which were used in this work had the analyses shown i 
in Table III. All of these steels were supplied in the hot-rolled | A 
condition, except alloys 18-8-1, X, Y, and S. The treatment which | C 
these alloys received depended on the nature of the investigation. @ k 
Some of them were put through a process of “homogenizing,” which Ul 
consisted in heating at elevated temperatures (1900 to 2000 degrees @ D 
Fahr.) for a relatively long period of time, while others were investi- J i 
gated without such preliminary treatment: the reason back of it : 7 

being the desire to ascertain whether the constitutional characteristics 
of steels in “as-rolled” condition have any influence on the behavior R~ 
of steels at the temperatures of decomposition. Since, however, the _ 
hot-rolled condition may vary considerably, and since the struc- nile 
tural constituents of steels under investigation are but little affected obte 
by short time heating at moderate temperatures, but decidedly so at atte 
higher temperature, the samples for this part of the investigation have mm Ait 
received a quenching treatment at temperatures ranging from 1600 9m). 
| to 2400 degrees Fahr. Incidentally, it also seemed of much interest 9 ,,.. 
to learn what effect, if any, the recommended quenching (from 2100 cate 
degrees Fahr.) has on decomposition. Following quenching, the al- § the 

loys were subjected to heating for periods of 100 and 250 hours § 

within the temperature range of decomposition. The selected temper- J flr 
atures were 1100, 1200, 1400, 1600 degrees Fahr. de 
As has already been stated, the progress of decomposition was “ei 
judged by means of magnetic analysis, by means of the corrosion to 

test in copper sulphate plus sulphuric acid solution (unfortunately 

adopted as a standard test), and the corrosion in dilute hydrochloric 

acid and other acids, and by microscopic examination. Of these, the 

| magnetic measurements required the most careful handling. A § 

“ routine method was adopted, which was essentially as follows: 7 of 
after bars of suitable length were cut, they were subjected to careful | Ww 
machining, after which the cold-worked material on the surface was § lo 


removed by deep etching. Once deep etched, these samples never 
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Table Ill 
Chemical Compositions of Alloys Examined 








Alloy Carbon Cr Ni Co Si Cu Mo Mn 


18-8-1 0.010 19.11 8.85 very low very low 
18-8-4 0.046 18.78 8.88 
18-8-6 0.058 19.22 8.59 0.268 0.58 
18-8-13 0.13 18.50 8.50 0.40 0.60 
18-8-22 0.22 18.73 8.67 0.38 0.64 
R 0.106 12.16 12.21 0.27 0.39 
S 0.010 26.65 21.34 very low very low 
P 0.146 18.52 9.50 2.20 0.52 0.67 
U 0.11 19.87 10.23 0.25 1.13 0.85 0.27 
H 0.13 18.88 9.31 0.48 1.67 1.55 0.64 
QO 0.26 18.00 8.00 2.08 
A 0.18 17.07 8.00 1.00 
B 0.21 17.34 8.00 1.68 
ke 0.21 17.44 8.00 2.85 
D 0.18 15.95 8.00 1.20 0.04 
E 0.21 17.85 8.00 2.26 0.09 
F 0.20 15.80 8.00 3.20 0.03 
UU 0.19 18.21 9.06 1.02 0.97 
G 0.20 17.34 8.00 1.01 0.90 
I 0.19 15.80 8.17 0.88 1.97 
O 0.21 18.19 8.00 0.35 1.76 1.03 0.37 
I 0.21 18.36 8.17 0.36 1.78 2.17 0.42 
M 0.23 17.20 8.00 0.31 2.72 3.08 0.69 
xX 0.20 22.00 11.00 
¥ 0.19 18.32 12.02 


received any treatment, such as stamping for example, which might 
have affected their magnetic characteristics. The next step was to 
obtain magnetic readings. First we secured the magnetic character- 
istics of each sample that was to be subjected to decomposition. 
After a while, however, this practice was discontinued, since we 
observed practically no variation from sample to sample similarly 
treated. Usually the amount of the magnetic phase is very small as 
can readily be seen from the curves, which follow, and which show 
the magnetic conditions in “as quenched’’ samples. 

The decomposition treatment then followed. If a very thin oxide 
film was observed, as was sometimes the case, then the samples were 
deep etched again, washed in water, dried in alcohol, and again in- 
vestigated magnetically. For magnetic measurements we were able 
to use a modified Fahy permeameter. 


Ill. ExprErRIMENTAL RESULTS 


The first series of experiments (Fig. 6) dealt with the influence 
of carbon content on decomposition. Four of the alloys, namely, those 
with 0.046, 0.058, 0.13 and 0.22 per cent carbon, were commercial al- 
loys. The fifth one, however, containing 0.010 per cent carbon, was 
prepared from electrolytic iron, chromium, and nickel, the last two 
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containing only minute amounts of carbon. Melting was done in 
an induction furnace under an atmosphere of argon. Certain 
peculiarities of this alloy will be described later. 

That the decomposition treatment results in the formation of a 
magnetic phase was pointed out in a previous publication*®. In that 
investigation, however, the alloys studied contained appreciable 
amounts of carbon, from 0.12 per cent up, far in excess of carbon 
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Fig. 6—Magnetic Properties of Plain 18-8 Alloy After Quenching and Af- 
ter 100 Hours Draw at Temperatures Indicated. 


solubility in austenite at room or even elevated temperatures*. Con- 
sequently, when dealing with alloys of extremely low carbon content 
(such as 0.01 or 0.046 per cent) we must keep the figures for solubil- 
ity in mind and interpret the magnetic curves in terms of the con- 
stitutional diagram, otherwise contradictory observations will be 
noted with consequences of erroneous conclusions. In this connection 
the diagram (Fig. 27), reproduced from the work of Bain and Aborn® 
and corrected in accordance with present findings, will be of much 
help in the correct interpretation of magnetic curves. 

From the curves (Fig. 6) we observe at once that the amount 
of relative magnetic susceptibility is at a decided minimum at about 
0.06 per cent carbon. A rapid increase in magnetic susceptibility is 
brought about either by raising or lowering carbon content. This is 
evident from a comparison of the 1200 degrees Fahr. decomposition 
curve for an alloy containing 0.058 per cent carbon with similar curves 


*According to Strauss the solubility of carbon in 18- 8 alloy is at least 0.04 per cent at 
600 degrees Cent., while Bain and Aborn suggest “a slightly lower solubility.” The 
present authors have reason for believing that the figure as given by Strauss is probably 
correct: but the solubility at room temperature still remains a conjecture. 
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for alloys of 0.01, 0.046 and 0.13 per cent carbon. The causes under- 
lying the change in magnetic characteristics are inherently different. 
In one case when raising the carbon content we observe the evidence 
of decomposition; 1. e., precipitation of carbides and accompanying 
phase change. In another case when the carbon content of the alloy 
is lowered (as, for example, down to 0.01 per cent carbon), no 
carbide precipitation can be detected by most careful microscopic 
observations. This is exactly what could have been predicted, because 
in such alloys we do not need carbide precipitation for the presence 
of magnetic material. Their strong magnetism is due to the co- 
existence of two phases, one magnetic and another nonmagnetic, as 
is depicted in Fig. 27. The microscopic study of this particular alloy 
(exact composition being carbon 0.010 per cent, chromium 19.11 per 
cent, nickel 8.85 per cent) proved to be exceedingly interesting. 
From among several samples we have chosen the one that was 
quenched from 2100 degrees Fahr. and then maintained at 1200 de- 
erees Fahr. for one hundred hours. Its magnetism after the temper 
was more than five times that after the quench. Its structure is 
shown in Figs. 7 and 8. The sample does not consist of polyhedral 
grains, separated one from another by the products of decomposition, 
as would be the case had the carbon content been higher, Figs. 9 and 
10. No trace of decomposition at grain boundaries is found. But the 
grains themselves have undergone partial transformation from gamma 
to alpha, giving the appearance of, whatever we may choose to call 
it, martensite-like or Widmanstatten-like structure. In other words, 
magnetic phase is not confined to grain boundaries. Furthermore, 
its composition (as regards chromium and nickel) should not be any 
different from that of nonmagnetic austenite. Bearing in mind that 
the mere presence of ferritic phase is not, necessarily, a criterion of 
corrodibility (as is so well exemplified by common stainless steels), 
we should hardly expect 0.01 per cent carbon 18-8 alloy to act to- 
ward corrosive media in the same way as would alloys with higher 
carbon. This was well borne out by subsequent tests. Hence while 
the difference in relative magnetic susceptibility means a certain re- 
adjustment of phases (with the tendency to approach an equilibrium), 
the corrodibility proper depends upon several factors, among which 
the most important ones are probably (a) the composition of the 
magnetic phase, (b) the distribution of phases, (c) lattice distortion, 
and (d) quite a variable term “passivity.” In other words, the 


magnetic characteristics of the plain chromium-nickel alloys, with- 








Fig. 
i J Degrees Fahr. for 100 Hours. Etched With Aqua Regia. x 
| Fig. 8—Alloy No. 18-8-1. Same as Fig. 7. 
9—Alloy No. 18-8-13 Badly Decomposed. Etched With 


Fig. 
x 250. 
Fig. 
i Corrosion. 


7—Alloy No. 18-8-1 Quenched from 


10—Commercial 18-8 Alloy Badly Decomposed. 
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out additions of other elements, are not to be taken as the measure of 


pro: 
their corrodibility, regardless of their carbon content. However, i1 = 
alloys with carbon content higher than a certain amount such mag- 2 
netic characteristics do serve as an estimate of the extent of de- bett 
composition. The latter may or may not cause the corrodibility, de- din 
pending primarily on the composition of the alloys (i. e., whether aie 
any special additions were made) with the consequence that each ies 
class of alloys must be considered separately. — 
Table IV shows the results of magnetic determinations and actual chr 
corrosion tests, as conducted on samples of 18-8 with variable carbon = 
content. The samples used for corrosion tests were parts of the sem 
samples subjected to magnetic measurements. For corroding media ne 
“standard” copper sulphate and sulphuric acid solution, nearly boiling | bet 
was used. The duration of test was 100 hours. For the sake of a ye 
brevity this test will be spoken of as “sulphate test.” It was found @ dit 
impractical to measure the corrodibility by what may be called | = 
“qualitative” terminology, rather than by the quantitative measure- [J i 
ments. For convenience in interpretation of data let us divide | - 
alloys of 18-8 type into two groups, one with carbon content very | 
low (0.01 and perhaps up to 0.03 per cent), and another with carbon J = 
between 0.06 and 0.22 per cent. Alloys belonging to the first group a th 
are not subjected to corrosion, regardless of their previous treatment. d re 
Whether air-cooled, quenched, quenched and tempered at 1200, 1400 & a 
degress Fahr., etc., although quite magnetic, they remain remarkably § a 
immune to corrosive action of the drastic test, thus fully upholding " 
the previously expressed belief. In these alloys it is simply a case " 
of the magnetic phase remaining non-corrosive due to the same _ 
concentration of chromium and nickel in both magnetic and non- by 
magnetic phases. It is quite possible that by a certain treatment 3 
alloys of this type might be fully converted into the ferritic state, and § 4 
yet their corrosion resistance would not suffer. Consequently, when 
drawing a parallel between corrosion resistance and relative magnetic § p 
susceptibility, this group of alloys must be regarded as an exception. : 
The detailed study of their magnetic characteristics shows that these | " 
change with the change in treatment. : 
. It is not so easy, however, to draw definite conclusions from the 
. results on alloys in Group II. The reasons for this difficulty are : 
‘ obvious. Alloys with carbon above 0.06 per cent (this figure is, of 


necessity, quite approximate) do not show the coexistence of mag- 
netic and nonmagnetic phases at any temperature save in close 
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proximity to transition point. Hence, the sudden appearance of the 


magnetic phase can be due only to the precipitation of carbides or, 
in other words, due to the local change in composition; perhaps a 
better expression would be difference rather than change. This 
difference may be quite great and again it may not, for while the 
process of decomposition goes on, two tendencies manifest themselves. 
One is the separation of carbides, accompanied by the impoverish- 
ment of the neighboring material. The other is migration of 
chromium, nickel, and probably carbon from richer parts into those 
impoverished. The total effect will be dependent upon these tend- 
encies, and so will the corrosive properties. However, it will be 
seen from the table that, invariably, there is a definite relationship 
between relative magnetic susceptibility and the tendency for corro- 
sion. At a given temperature of decomposition the total effect of 
diffusion is never sufficient to restore the original composition to an 
extent such as to make the change from ferrite back into austenite 
possible at the given temperature. Neither, apparently, is it ever 
sufficient to prevent intergranular corrosion. 

There is not, and could hardly be expected to be, a precise, 
numerical relationship. If the relative magnetic susceptibility and 
the relative corrosion resistance are each plotted against the com- 
position of magnetic phase, the curves so derived cannot be expected 
to be of the same general appearance. If the relative magnetic sus- 
ceptibility is close to one’, the sample, regardless of the treatment it 
has undergone, is certain to remain untouched by corrosive action of 
sulphate solution. In the case of 18-8 at the lower end of the carbon 
range in Group II this figure can be somewhat higher. 

It does not require much increase in decomposition as indicated 
by these relative figures for magnetic susceptibility to cause the 
samples to be unsuitable from the point of view of the sulphate test. 
Unfortunately, it means that although the composition of the im- 
poverished material may be just a little off that of the parent alloy, 
yet this small difference is sufficient to cause destructive corrosion. 
In other words, alloys of this type are extremely sensitive and even 
a slight disturbance of their chemical homogeneity is apt to result 
in much diminished fitness for some applications of these alloys. 

It also appears that mere lowering of carbon content (to the 
values commercially possible) does not render 18-8 alloys immune 


5As shall be seen, the values of relative magnetic susceptibility can serve as a basis 
for calculating the actual amounts of magnetic phase present in a sample. 
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to destructive decomposition: whether we have 0.06 per cent car 
bon or as high as 0.34 per cent carbon, these alloys, and others with 
carbon content within this range will decompose*®. In order to pre 
vent decomposition we would have to go as low as 0.02 to 0.03 per 
cent carbon which is obviously quite impossible commercially. 

In the course of this extended investigation, during which more 
than 500 samples were tested and studied, it was repeatedly noted 
that the lower the carbon content the lower was the upper temper 
ature at which decomposition ceased. For example, the temperature 
of 1600 degrees Fahr. seems to be quite safe for an alloy with 0.06 
per cent carbon, at least heating at that temperature for 250 and 900 
hours did not impair its resistance to corrosion. It is seriously 
doubted if increasing the number of hours would have an appreciable 
effect. This is indicated by the data of Table II. On the other 
hand, for alloys with higher carbon (the next one investigated had 
0.11 per cent carbon) the temperature of 1600 degrees Fahr. is still 
dangerous. The higher the carbon content, the more pronounced 
and the more easily induced is the decomposition. Whether the length 
of decomposition period has any appreciable influence is being in- 
vestigated. 


IV. IrRon-CHROMIUM-NICKEL DIAGRAM AND MAGNETIC 
MEASUREMENTS 


To the best of our knowledge, an alloy with carbon as low as 
0.01 per cent has been investigated for the first time’. It appears 
that rather interesting information in regard to the constitutional 
diagram for iron-chromium-nickel alloys (Fig. 27) can be derived 
from the study of magnetic curves (Fig. 6). It is believed that 
carbon content of 0.01 per cent could be regarded as being negligible® 
and that alloy considered as an iron-chromium-nickel alloy. 

Quenching from gradually increasing temperatures shows small 
amounts of the magnetic phase. Theoretically, no magnetic phase 
should exist at 1600, 1800 or 2000 degrees Fahr. since the alloy is in 





®That is, as far as the decomposition can be detected: whether decomposition of low 
carbon 18-8 is as dangerous as is universally held will be taken up later. 

*Aborn and Bain report an alloy with “about 0.02 per cent.”—TRrANsactTions, American 
Society for Steel Treating, Vol. 18, 1930, p. 859. 

SMaybe contaminated Pittsburgh air had something to do with this figure of 0.01 per 


cent; the calculations based on composition of charge show only 0.003 per cent carbon 
could be present. 
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the gamma field. The very small amount of magnetism found could 
hardly be considered a discrepancy. The increase in magnetism on 


quenching from 2200 degrees Fahr. is so notable that apparently 


a zone of alpha and gamma phases has been entered, the relative 
amounts of which change with increasing temperatures. In conse- 
Cri8S50% __ Cr 12.16% 


Ni 8.50% | 
C 0.13% 


» 
8 


8 





Relative Magnetic Susceplibilily 








Quenching Temperature 


Fig. 11—Comparison of Relative Magnetic Sus- 
ceptibility Between 18-8 Alloy and 12-12 Alloy. 


quence, the slope of the line separating the austenitic field from the 
field of austenite and ferrite will have to be changed to that shown 
by the dotted line. 

This alloy was reheated to two temperatures, namely 1400 and 
1200 degrees Fahr. The intersection of coordinates, one representing 
composition and the other 1400 degrees Fahr., brings us in the field 
of gamma iron. Maintaining the alloy at this temperature should 
be accompanied by the disappearance of ferrite (alpha iron) and 
consequent decrease in magnetic values. The magnetic curve for 1400 
degrees Fahr. indeed shows a tendency in this direction, but a some- 
what prolonged time of heating would be required to result in the 
complete disappearance of the magnetic ferritic phase. 

On the other hand, maintaining the alloy at 1200 degrees Fahr. 
brings it into the “ferrite-austenite” field with the subsequent re- 
adjustment of coexisting phases. Nonmagnetic austenite retained on 
quenching from various temperatures is partly converted into mag- 
netic ferrite. The 1200 degrees Fahr. temperature curve clearly 
shows such to be the case; why, however, the same alloy quenched 
trom 1600, 1800, and even 1900 degrees Fahr. does not show phase 
change remains to be explained. Probably some unforeseen and un- 
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1933 
detectable error has crept in, since a 0.046 per cent carbon alloy 
(Fig. 6) is in perfect accord with the line of reasoning. It is rather bility 
worthy of attention that high temperature quenching, sufficiently subj 
high to start the peritectic reaction, shows a most pronounced un- chro 
stability of austenite formed as a result of such reaction. This obser- 
vation is probably of interest only to the student of physical chemistry nicks 
and may, some time, be made a subject for a separate paper. rosi 
by i 
V. DECOMPOSITION vs. CHROMIUM AND NICKEL CONTENT pat 
evils 
In addition to the 18-8 type a series of alloys was prepared con- Wm ©Ve 
taining various amounts of chromium and nickel. Although it was 4 appe 
intended to cover in this work a number of alloys with chromium § the 
from 12 to 30 per cent, nickel from 4 to 20 per cent and carbon @ = 
from 0.01 to 0.15 per cent, it was impossible to have all the results nitel 
classified and studied before this paper goes into print. Obvious gm te" 
interest displayed by several members of the Society in regard to | 
merits of alloys varying in chromium and nickel contents seemed to @ nick 
justify a short account. — 
Five alloys were investigated : —* 
Actual Analysis Per Cent @ — 
Desired Analysis Per Cent Chro- E as | 
Carbon Chromium Nickel Carbon mium Nickel @ exa 
Alloy 12-12-1 0.01 12.00 12.00 aise ps oe 
Alloy R 0.01-0.15 12.00 12.00 0.11 12.16 12.21 @ 
Alloy S 0.01 25.00 20.00 0.01 26.65 21.34 Ing 
Alloy X 0.15-0.20 25.00 20.00 0.20 22.00 11.00 Ti cont 
Alloy Y 0.15-0.20 18.00 12.00 0.19 18.32 12.02 & 

F carl 
The first two alloys are strictly within the composition that formed (Fi 
the topic of a lively discussion. The last three lie approximately = 
within the limits of composition of some prominent iron-chromium- Jj 2"Y 
nickel commercial alloys. 4 

Through a mistake, alloy 12-12-1 was lost and the writer was J des 
able to secure only a small piece which precluded the possibility of § _ 


. ‘ . . rp s con 
magnetic measurements but permitted metallographic studies. The § 
remaining three alloys were carefully investigated. 


7 Alloy R was subjected to quenching followed by heating to 1200 | ; 
and 1400 degrees Fahr. and showed a definite decomposition. Rela- § 
tive magnetic susceptibility is greatly increased at both temperatures, 4 
and, in general, the alloy follows the rules outlined for 18-8 type of cus 


composition. The comparison, insofar as relative magnetic suscepti- 
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iility is concerned, between 18-8 and 12-12 is given in Fig. 11. When 
subjected to sulphate corrosion test it behaves like the rest of plain 
chromium-nickel alloys; 1. e., it is readily attacked. 

It appears, therefore, that partial substitution of chromium by 
nickel is not effective from the point of view of decomposition, cor- 
rosion, and destruction. When the composition of 18-8 is modified 
by increasing nickel to 12 per cent (with 0.19 per cent carbon), the 
resulting alloy is still subject to decomposition with its accompanying 
evils. The lower and upper limits of the decomposition range, how- 
ever, may not coincide with those for 18-8 alloys, but the trend, the 
appearance, and the properties of the decomposed material are quite 
the same. It is also true that, apparently, a longer time for the de- 
composition process is required before the material is rendered defi- 
nitely unsuited for further service. The importance of carbon con- 
tent should not be overlooked. 

Even when an alloy with 22 per cent chromium, 11 per cent 
nickel and 0.20 per cent carbon is subjected to decomposition, the 
results are exactly the same as in the case of 18-8. Again, what 
was said of 18-12, is also true of 22-11. The limits of decomposition 
range are shifted and decomposition does not set in nearly as readily 
as in 18-8 alloys, except under special circumstances such as, for 
example, severe deformation of the material. 


On the other hand, a high chromium, high nickel alloy contain- 


ing practically no carbon (chromium 26.65 per cent, nickel 21.34 per 
cent, carbon 0.01 per cent) behaves exactly like an 18-8 alloy with 
carbon just as low. It does not become magnetic after decomposition 


(Fig. 12) and is not affected by sulphate corrosion mixture. Its 
structure remains typically austenitic and the writer did not observe 
any changes with different heat treatment. 

Only a few alloys designated to serve as guiding posts are here 
described. Full information on this general type of high chromium, 
high nickel alloys will, it is hoped, soon be available for general 
consideration. 


VI. Decomposition oF 18-8 Type ALLoys wituH ApDITIONS 
OF SPECIAL ELEMENTS 


This series of experiments was made on alloys (of general 18-8 
composition) to which were added different amounts of cobalt, cop- 
per, molybdenum, and silicon, singly and in combination. Other. 
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Fig. 12—-Comparison of Relative Magnetic Suscepti- 
bility Between 19-9 and 27-22 Alloys. 
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Fig. 13—Relative Magnetic Susceptibility Plotted Against Quenching Temperature on 
Plain 18-8 Alloys. 
alloys containing manganese and tungsten, and their combination 
with cobalt, copper, molybdenum, titanium, and silicon are now in 
the process of investigation. A rough subdivision of the alloys ac- 
bi cording to their carbon content may be drawn as follows: 
Group III. Carbon 0.13 to 0.15 per cent 


‘ Group IV. Carbon 0.20 to 0.22 per cent 
Group V. Carbon 0.05 to 0.10 per cent 


ie, Please ie am 


Most unfortunately, some difficulties were experienced in prepar- 
ing alloys of Group V and their investigation cannot be completed for 
some time. 
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It was shown above that neither lowering the carbon content 
(to the practical and commercially possible values), nor the readjust- 
ment of chromium and nickel contents within rather narrow limits, 
would produce that degree of security from decomposition as natural- 
ly would be demanded of these high priced alloys. It was repeatedly 


pointed out that the process of decomposition is the result of two dis- 


tinctly physico-chemical phenomena, precipitation and phase change. 
Hence our efforts in combating such decomposition should be directed 
toward (a) increasing the solubility of carbides at all temperatures, 
(b) producing a matrix which would resist migration of carbides to 
the grain boundaries and their agglomeration, (c) producing a matrix 
which in itself (even if carbides have separated) would resist cor- 
rosion, (d) forming carbides of elements other than chromium, and 
(e) rendering the matrix less susceptible to a phase change. 

Of these (a) and (b) are important, because of the decreased 
strength of decomposed alloys, and (c), (d), and (e) because of 
their lowered resistance to corrosion. Addition of special elements is 
a most natural thought. That such additions, provided they ac- 
complish the purpose, justify the additional expense entailed can 
hardly be disputed. 

In order to avoid any chance of a mistake and in order to be 
able to draw reliable conclusions, a series of four alloys (belonging 
to Group IIT) were treated simultaneously. 


Carbon Chromium Nickel Molybdenum Copper Cobalt 
Alloy 18-8-13 0.13 18.50 8.50 


1.15 
Alloy H 0.13 18.88 9.31 1. 1.6 
Alloy Pp 0.14 18.52 9.50 2.20 


The samples were quenched from 1600 to 2400 degrees Fahr. (at 
200-degree Fahr. intervals) and tempered, some at 1100, 1200, 
1400, and 1600 degrees Fahr., while others, due to the tremendousness 
of the undertaking, only at 1200 and 1400 degrees Fahr. These 
last two were selected primarily because plain 18-8 showed the worst 
condition when heated at these temperatures. The results of relative 
magnetic susceptibility plotted against quenching temperature (for 
each tempering range) are given in Fig. 13 and the detailed study of 
alloy U, in Fig. 14. It will be observed that the combination of copper 
and molybdenum practically eliminated the phase change, although 
microscopic examination of the samples shows the presence of decom- 
position at the grain boundaries. Whether molybdenum alone or 
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copper alone is as potent a factor (in alloys in which carbon is be- 
tween 0.11 and 0.13 per cent) will soon be decided by an investigation 
which is well underway. Cobalt, however, seems to be much less 
effective. It shows marked increase in relative magnetic susceptibility, 
especially when subjected to decomposition at 1400 degrees Fahr. 
However, magnetic properties of cobalt make the deductions from 





Table V 
Results of Magnetic Determinations and Corrosion Tests 
Magnetic Characteristics Corrosion Characteristics Treatment 
Alloy No. 18-8-13 P U H 18-8-13 P U H Quench Temper 
1.69 1.20 N N N N 1600 None 
hae 1.00 N N N N 2000 None 
1.89 1.06 N N N N 2400 None 
45.4 0.93 HA HA 1600 1100 
10.1 very A A 1800 1100 
low 
2.9 very SA 2000 1100 
low 
9.2 A 2200 1100 
2.2 1.29 HA HA 2400 1100 
38.2 3.13 1.66 A HA HA N 1600 1200 
0.90 1800 1200 
1.03 ee A HA A N 2000 1200 
0.83 2200 1200 
1.84 1.22 \ A A N 2400 1200 
229.0 1.74 1.37 1.12 HA SA N N 1600 1400 
110.0 1.29 0.93 HA 1800 1400 
220.0 58.0 1.61 2.90 \ SA N 2000 1400 
204.0 1.62 9.70 HA 2200 1400 
82.0 16.3 4.82 9.30 HA A A SA 2400 1400 
8.50 1.29 HA N 1600 1600 
13.50 1.18 HA 1800 1600 
86.40 1.22 N 2000 1600 
28.80 0.96 HA 2200 1600 
102.0 1.19 HA N 2400 1600 


magnetic data rather questionable. From the magnetic data it was 
fully anticipated that the apparent suppression of phase change 
could greatly improve the corrodibility of such alloys, even under 
such drastic conditions as sulphate corrosion. Consequently, when 
the results of actual corrosion tests (Table IV) became available 
they were decidedly disappointing. However, they furnished a 
ground on which the reliability of sulphate test may well be argued. 
This, however, will be taken up later. 

Referring to Table V (in which the notations are the same as in 
Table IV) we notice that, in spite of the suppression of the phase 
change, the corrosive action of copper sulphate and sulphuric acid 
has readily taken place, except in one or two cases. We also notice 
that there is, apparently, no relation between relative magnetic suscep- 
tibility and corrodibility; the cobalt-bearing 18-8 alloy is readily 
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«tacked whether the figure for magnetism is high or low. The same 
; true of 18-8 with copper and molybdenum. Evidently then, even 
though the phase change is suppressed, decomposition through the 
separation of carbides (such decomposition readily observable under 
the microscope), so changed the composition in the adjacent areas, 
that the latter became easily corrodible. The action of added copper 
and molybdenum seems to act in the same way as decrease in carbon ; 
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Fig. 14—Detailed Study of Alloy 
U Showing Magnetic Properties Af- 


ter Quenching and Drawing for 100 
Hours. 


the upper limit of decomposition temperature is lowered. Experi- 
ments, repeated several times, prove that decomposition at 1600 de- 
grees Fahr. is practically negligible. With further increase in copper 
and molybdenum additions (up to 1 and % per cent each) the re- 
sults become quite encouraging. At both temperatures, 1200 and 
1400 degrees Fahr., harmful decomposition is practically suppressed, 
except when an alloy was quenched from a relatively high temper- 
ature (2400 degrees Fahr.). This is an entirely different matter, 
already referred to by the writer in this and in previous publications. 

From the considerations of a vast amount of data, gathered 
during the present investigation, the writer came to the conclusion 





Relative Magnelic Susceptibility 








44 TRANSACTIONS OF THE A. S. S. T. January ie 33 


EES 


that for a certain carbon content there is a corresponding amount of 
added special elements, the amount dependent solely on the nature 
of the element, which would render 18-8 immune to decomposition, 
deterioration, and corrosion, providing these added special elements 
act in accordance with five stipulations laid out previously. One of 
the future problems would be to ascertain the relative power of 
different special elements. Cobalt and silicon, for example, appear 
less desirable than either copper or molybdenum, while others may 
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meat Wa Curves of Relative Magnetic Susceptibility of Alloys Belonging to Group IV- 
prove to be more powerful. We do not have, as yet, sufficient data Jy 
to judge the relative merits of copper and molybdenum. It seems ‘ 
that with about 2 per cent copper and molybdenum (total) the alloy is 
decidedly improved. A private communication to the writer states : 
that 18-8 alloy with 3 per cent molybdenum resists sulphate cor- J 
rosion to a remarkable degree. 

In the Table VI are recorded the results on alloys belonging to 
Group IV. A much larger number of alloys was studied. Pre- 
sumably due to high carbon content the results are not on the whole 
very encouraging and are rather difficult to interpret. The magnetic 
characteristics of these alloys are reproduced in Figs. 15, 16, 17 and 
18, while their relative corrodibility is indicated in Table VI. 

The general conclusions may be summarized as follows: 


(a) Additions of copper up to 3.20 per cent do not help de- 
composition and do not prevent phase change. 


Table VI 
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(b) Additions of molybdenum up to approximately 3 per cent 
do not suppress decomposition and do not prevent phase change. 

(c) Additions of copper and molybdenum, providing their 
combined amount is approximately 4 per cent, do prevent phase 
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change but judging by sulphate corrosion tests and microscopic obser- 
vations do not prevent decomposition. 

(d) There is no relation between magnetic characteristics of 
the alloys and their corrosive properties in sulphate solution. 

(e) The greater the amount of special additions, the lower is 
the upper limit of decomposition range. 

(f{) The addition of either copper or molybdenum alone, or 
both together decidedly improves the corrosive properties of plain 
18-8 of similar carbon content. It is anxiously desired that the writer 
should not be misunderstood: the alloys, the characteristics and 
properties of which were just summarized, contained more carbon 
than we would normally anticipate using (except in special cases). 
The whole purpose of this part of the investigation was to ascertain 
whether we could or could not combat the evil influence of higher 
carbon by corresponding increases in additional elements, and if 
we could, how much of the additional element will be necessary. 
So far, we have investigated molybdenum, copper, and silicon. Others 
(manganese, tungsten, titanium, tellurium and their combinations) 
are being studied. 





Quenching Temperature ————e 





Ta a 





ment 


speci 


perat 
temp 
tion. 


“cor 
eran 
acid, 
( Star 
acter 
test 

the 
decot 


pe we 


with 
to be 





CHROMIUM-NICKEL-IRON AND RELATED ALLOYS 47 


Such an attempt is perfectly justified by the decided improve- 
ments in the mechanical properties of some of the alloys made with 
special additions. These improvements concern not only room tem- 








Relative Magnetic Susceptibilt ly 





Quenching Temperature * 


Fig. 17—Curves of Relative Magnetic Susceptibility of 
Alloys Belonging to Group IV—Table VI. 


perature tests, but what is infinitely more important, tests at elevated 
temperatures. This subject will be dealt with in a separate publica- 
tion. 


VII. THe Copper SULPHATE TEST 


It will be remembered that in all previous discussions whenever 


ai “corrodibility’” or “corrosion test’ was referred to, it meant inter- 
ain . 


iter 
and 
bon 


granular corrosion by the solution of copper sulphate and sulphuric 
acid, heated to boiling temperature and applied either for 24 hours 
(standard test) or 50 hours (in order to get better developed char- 
acteristics). And it will also be remembered that in most cases this 
test produced negative results, that is, the solution would attack 
the steel intergranularly, without much regard as to whether the 
decomposition was small or pronounced. In other words it is a 
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powerful corroding agent, and the test is, in a way, a drastic one. 


It appeared desirable to supplement the copper sulphate test 
with some other, known to be less drastic, and therefore more likely 
to be a check on the amount of decomposition. Also, one which 
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will give some idea concerning the relationship between decomposition 
and mechanical properties. 

Corrosion of 18-8 alloys by different dilute acids has been in- 
vestigated many times. In the laboratories of the Carnegie Institute 
of Technology an investigation was carried on in-an attempt to 
secure information in regard to the relation between internal stresses 
of different types of 18-8 and corrodibility in different media.’ It 
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Fig. 18—Curves of Relative Magnetic Susceptibility of 
Alloys Belonging to Group IV—Table VI. 
was found during the investigation that dilute hydrochloric acid (10 
per cent) was yielding consistent and satisfactory results. Conse- 
quently a series of tests was made in which 18-8 alloys of different 
carbon contents and in different states of decomposition (as was 
judged by magnetic and microscopic analysis) were subjected to cor- 


®*André Hone. Master’s Thesis. Library, Carnegie Institute of Technology. 
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rosion with 10 per cent hydrochloric acid at room temperature, 
observing all the precautions necessary for accurate corrosion work 
(i. e., as accurate as controllable factors would permit). To the same 
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Fig. 19—Corrosion Rate of 18-8 Alloy in 10 Per Cent Hydro- 


chloric Acid Solution. 


test was also subjected a steel containing copper and molybdenum!”’. 


The composition of steels investigated was as follows: 


Steel No. Carbon Chromium Nickel Copper Molybdenum 
18-8-4 0.046 17.2 7.8 
18-8-14 0.14 18.38 8.57 
18-8-23 0.23 17.96 7.95 
18-8-34 0.34 17.56 8.10 
U 0.11 19.87 10.23 1.15 0.85 


Corrosion rate was many times less than in copper sulphate and 
it was found convenient to judge it by loss in weight per unit area 
(milligrams per square centimeter) and to plot the obtained values 
against time of immersion (hours). The samples were the same 
as those used for magnetic work. They were treated (quenched) at 
different temperatures and subjected to decomposition at 1200 de- 
grees Fahr. for 250 hours. The results are plotted in Figs. 19, 20, 21 


and 22, which, in addition to corrosion data, contain the figures for 


relative magnetic susceptibility, replotted from magnetic curves. 


The agreement between the magnetic and corrosion data is 


_ G. C. Towner, U. S. N., A. C. Murdough, U. S. N., and E. A. Krockenberger, in 
writer’s laboratory. 
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quite remarkable. The more magnetic the sample, the more readil) 
it is attacked by the 10 per cent hydrochloric acid solution: this holds 
true for 0.046, 0.14, 0.23 per cent carbon content. In case of steel 
with 0.34 per cent carbon a discrepancy is found only at one of several 
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Fig. 20—-Corrosion Rate of 18-8 Alloy in 10 Per Cent Hydro 
chloric Acid Solution. 


quenching temperatures and this anomaly is easily explainable in an 
alloy of such high carbon. 

The corrosion proper, in addition to its general action, appears 
to be somewhat intergranular in character, rather similar to copper 
sulphate.“ It is much more easily discerned because of the com- 
paratively mild destructive action of dilute hydrochloric acid. 

Fig. 23 represents similar results for an 18-8 alloy containing 
additional elements (1.15 per cent copper and 0.85 per cent molybde- 
num and 0.12 per cent carbon). We did not have an alloy of exactly 
the same analysis for magnetic testing, but another, close in com- 
position, was so tested. The results are given in Fig. 23. The steel 
is practically nonmagnetic after attempted decomposition at various 
temperatures. It is also noncorrodible by 10 per cent hydrochloric 
acid, or at the most corroded so little as to consider such corrosion 
quite negligible especially when compared with plain 18-8. Yet, it is 
decidedly attacked by copper sulphate, and on the strength of its per- 
formance in sulphate bath would be adjudged useless. There can 
hardly be any doubt that 18-8 alloys of other varieties (that is with 
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.ddition of other element, or elements, subjected to limitations as 
set forth previously ) would act the same way. It could, probably, be 
predicted that other corroding media, similar to dilute hydrochloric 
acid, would act in the same manner. It certainly is true of sulphuric 
acid, And so we are confronted with rather an interesting and per- 
plexing argument. Of course, it may be entertained that after all, 
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Fig. 21—Corrosion Rate of 18-8 Alloy in 10 Per Cent Hydro- 
chloric Acid Solution. 
wet corrosion, such as described, is not indicative of the properties 
of the material and that other data, for example, gas corrosion, or 
mechanical properties would throw more light on this question. True 
enough, during the last few months, a fairly large amount of data 
on corrosion of 18-8 by different gases, and under different conditions 
of temperature and static load, was collected. The experiments were 
conducted in such a way that a sample under investigation remained 
for some time in a furnace with well established temperature 
gradient. This gradient was between 1500 and 700 degrees Fahr. 
The duration of the experiment was at times as long as 100 hours and 
even 300 hours, certainly quite sufficient to induce decomposition on 


those parts of the samples which were maintained at the tempera- 
tures that lie within the limits of decomposition. The studies on steels 


of the compositions just mentioned are completed while others"! are 
still under investigation. Noting the position of the break it was 


118-8 alloys with W, Mo, Mo-Co, Mo-Cu-Co, Mn, Mn-Co. 
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Sul 
found that in plain 18-8 it occurred not at the hottest zone, but within wh 
the range between 1420 and 1350 degrees Fahr. In case of the chi 
alloy which contained approximately 1 per cent copper and 1 per tul 


cent molybdenum the break occurred at the hottest portion. Its 
strength (as measured by this test) is several times that of plain 
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is seen from Fig. 24. Microscopic examinations of 
numerous samples clearly show the presence of decomposition at 
rain boundaries of precisely the same appearance as in plain 18-8 
magnetic after decomposition) and in 18-8 with special additions 
nonmagnetic after decomposition). It cannot be denied that the 


strength of the tested steels was aftected to a different degres vet, 
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let us again refresh our memory, the above mentioned steels showed 
up equally badly in the copper sulphate test. ‘The neth of the period 
of decomposition, as for example, in actual service, may be of much 
importance and must be considered. 

Naturally, no attempt is being made to discredit the copper 
sulphate test. However, the observations here presented warrant 
a cautious attitude. After all, it is not in the interests of the con- 
sumer to disqualify, by artificial and drastic tests, the steels and alloys 


which might well serve the purpose; providing, of course, that the 


characteristics of such alloys and the conditions of service are care- 
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tully studied and sufficiently understood. 


PAs this paper was being completed th 
ecame available and indicated the same trend 
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VIII. INFLUENCE oF PRECEDING TREATMENTS ON DECOMPOSITION | 
sen 
During this investigation it was found that the treatment which cur 
18-8 alloys received prior to the decomposition process, influences the q a. 
latter to a marked degree. Due to the vast amount of. data accumu- 4 sho 
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ca 
lated it appears advisable to take it up in a form of conclusions, rather a 
than a discourse. os 
It is admissible that 18-8 alloys as handled in commercial prac- os 
tice may contain some (and at times a considerable amount) of free os 
carbides. The rate at which these carbides go in solution and, there- as 


fore, the homogeneity of the alloy (which, in turn, governs the a 
phases present) depends on the quenching temperature. If mag- al 
netic characteristics of a given alloy are plotted against quenching 
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temperature several typical curves are obtained, each curve repre- 
senting an alloy within a certain range of carbon composition. These 
curves, replotted from actual magnetic curves, are shown in Fig. 25. 
\ typical curve for low carbon alloy (0.01 to 0.04 per cent) will 
show the magnetic phase present in all samples that were quenched 
at temperatures from 1600 to 2400 degrees Fahr. And, also, that 
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Fig. 26—Hypothetical Curve Showing the Areas Around Carbides De- 
pleted in Chromium and Nickel Content. 
the amount of this phase will increase with the increase in quenching 
temperature ; for convenience we may call it “high temperature mag- 
netic phase.”’ Such an increase should be expected from the consider- 
ation of carbon-chromium-nickel-iron diagram. 

The same phase is found, but to a much smaller degree, in alloys 
with 0.06 per cent carbon. As carbon is further increased to about 
0.13 to 0.15 per cent the high temperature magnetic phase does not 
exist unless the heating was carried close to peritectic reaction. But 
with the carbon content still higher, up to 0.30 to 0.35 per cent, the 
magnetic phase is again present, this time at low quenching temper- 
ature. It is not, however, a high temperature equilibrium phase 
artificially retained. It is unquestionably due either to incomplete 
resolution of carbides that have separated out prior to quenching, 
or to the separation of carbides, providing the carbon content of the 


alloy is far in excess of the solubility figure at the given temperature. 
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lt thus appears that the magnetic phase in high carbon alloy 
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: pete ; tude 
Microscopic examination of numerous samples showed that the 
is an ae cian mu 
grain size is but little affected by quenching temperatures up to 2000 . 
. ‘ Whe 
degrees Fahr. A marked grain growth occurs between 2000 and ; 
om eril 
2200 degrees Fahr. and continues up to 2400 degrees Fahr. The 
: hs ; = iS § 
temperature of grain growth is independent of composition and re- 
; . ‘ . : . ; rut 
mains practically the same for alloys with or without special addi- 
tions. It was ascertained that free carbides (either in plain carbon 
. ) . . . ae . ° net 
18-8 or in 18-8 with special additions) are all in solution between 
Tre 


2000 and 2100 degrees Fahr. 


The question of grain size and of the resolution of free carbides 


( HROMIUM-NA ICK EI] 


vs an important part in the process of decomposition. The samples 
| "as quenched”’ condition were previously described as “non 
tacked” by copper sulphate solution. The presence of the magnetic 

hase in some of these alloys is not contradictory 1 he behavior 
the sulphate bath. We must not confuse 

on, which undoubtedly takes place in “ ({1 dd” amipies, with 


intergranular’ corrosion in samples after decomposition. 


In the first part of this paper we had the occasion to state that 


1 ‘ 
| 


he amount of carbon completely SOLUD 


e in 18-8 austenite is quite 
low, even at elevated temperatures. As the quenching temperature is 
increased more carbon goes into soluti and consequently, in the 
lecomposition treatment we should have more carbides to come out. 
[he expectation that the higher the quenching temperature, the more 
pronounced would be the decémposition, was fully upheld by micro 
scopic examination. When the grain growth begins to be easily 
noticeable, it naturally changes the amount of decomposed material. 
[his is seen fairly well from the studies of magnetic curves. 

\n observation, at first considered an experimental error, must 

be overlooked. It appears that decompositi ill occur to a 
lesser or greater degree depending on qui ¢ temperatures. In 
most cases, and the chemical analysis of the steel in question appar- 
ently is quite immaterial, maximum decomposition'® will occur when 
the steel is quenched from about 2000 degrees Fahr., sometimes a 
little lower or a little higher. ‘This observation, as was just men- 
tioned, was at first taken as an experimental mistake. Different 
measurements obtained at different times and by different manipu- 
lators could hardly be questioned. The observed maximum hoids 
for low, medium, and fairly high plain 18-8, also for alloys with 
additions, such as cobalt, copper, molybdenum, etc. The magni- 
tude is in most cases quite large but may be quite small. The maxi- 
mum point is, as a rule, reached rather suddenly. It may be some- 
what shifted depending on the temperature of decomposition (temp- 
ering). The complexity arising from various independent factors 


is such that it would be rather unwise to attempt to lay out general 


[t is closely connected with such considerations as (a) original 
heterogeneity in the matrix, (b) solubility figures, (c) tendencies for 
precipitation of carbides, (d) the amount of carbides precipitated, 


18In the sense of magnetic characteristics. bviously, magnetic measurements are by 
the most exact and reliable. 
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Table VII 
Susceptibility to Decomposition Under Varying Conditions 


Relative Magnetic CuSO,-HeSO; 
Susceptibility Corrosion 
Initial Quench. Decomp. Re-quench. After After After After Re 
Temp. Temp. Temp. Decomp. Re-quench. Decomp. quench. 
0.13% 1600 1200 aia 33.20 Sealed A 
Carbon 
1600 1200 1300 29.90 29.80 A HA 
1600 1200 1400 30.60 33.20 A HA 
1600 1200 1500 33.20 6.28 A N 
1600 1200 1609 45.60 2.73 A N 
1600 1200 1700 44.00 ey A N 
1600 1200 1800 32.00 1.06 A N 
1600 1200 1900 24.50 1.37 A N 
1600 1200 2000 31.00 1.44 A N 
1600 1200 2100 32.70 1.43 A N 
0.22% 1600 1200 5% 28.30 HA i 
Carbon 
1600 1206 1400 28.30 28.60 HA \ 
1600 1200 1600 36.30 9.90 HA N 
1600 1200 1800 38.60 1.10 HA N 
1600 1200 2000 34.80 0.66 HA N 
All samples held at quenching and re-quenching temperatures for half an hour. They 


were decomposed by holding at 1200 degrees Fahr. for 100 hours. 


(e) the velocity of diffusion of different elements, etc. Obviously 
any theory would be of the nature of pure speculation. However, 
for a steel of a certain composition the conditions of treatment which 
would give the least amount of decomposition, could be ascertained 
experimentally'*. The writer does not know whether this maximum 
(or minimum) is maintained when the period of decomposition is 
prolonged and is, therefore, unprepared to state whether this ob- 
servation will be of practical importance. 

‘It is important to know that harmful decomposition occurs very 
readily. Ordinary furnace cooling is sufficient to render 18-8 liable 
to attack by copper sulphate. The following table may be of interest. 


Magnetic 

Carbon 0.13 per cent, 18-8 alloy Characteristics Corrosion 

Heated to 1800, held 334 hrs.—water quench............... 0.76 N 

Heated to 1800, cooled with the furnace to 1600°F......... 1.19 N 
water quench. 

Heated to 1800, cooled with the furnace to 1400°F........29.60 SA 
water quench. 

Heated to 1800), cooled with furnace to 1200°F............. 65.90 A 
water quench. 

Heated to 1800, cooled with furnace to room temperature. . .66.50 A 





14In certain cases low temperature either water cr air cooling may be recommended 
because the mere presence of carbides undissolved in requenching is considered much less 
harmful than the greater precipitation, which, as was mentioned before, increases with 
increasing temperature (up to 2000 degrees Fahr.). 
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1933 CHROMIUM-NICKEL-IRON AND RELATED ALLOYS 


(hat by a simple heat treatment the noncorrosive characteristics of 
the alloys can be restored is quite well known. This experiment was 
performed in our laboratories and the results are worthy of thought. 
[he details of experimentation are contained in the Table VII. 

A sudden change in magnetic characteristics, accompanied by 
just as sudden change in sulphate corrosion properties, is indeed in 
triguing. Let us bear in mind that these changes are brought about by 
relatively small changes in temperature, approximately 100 degrees 
Fahr. If the whole process of decomposition is dependent upon 
carbide precipitation and is one of the necessary postulates, then on 
reversing the process, that is on reheating, we should not have ex- 
pected to find such a narrow limit of temperatures within which the 
rate of diffusion is so abruptly changed. It appears again, as was 
maintained throughout the paper, that precipitation of carbides alone 
does not explain satisfactorily the intricate process of decomposition. 
In other words, that the phase change does not play a subordinate 
part, but is just as important, if not more so, than carbide precipita- 
tion. 

It is not assumed that this paper, in which we tried to present 
in condensed form some information believed to be interesting, 
answers all of the pertinent questions regarding decomposition. The 
material collected and herewith presented appears to sketch the lines 
of defense against decomposition. The writer will be grateful to all 
those who would wish to cooperate with him in the work to follow. 
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DISCUSSION 

Written Discussion: By John A. Mathews, vice-president, Crucibl 
Steel Company of America, New York City. 

[ have read this paper not only once but several times with very great 
interest, together with the papers by Newell, Luerssen and others submitted 
at this meeting, which go to show that the metallurgy of the corrosion-resisting 
alloys is “becoming no simpler fast.” 

The paper confirms my opinion that the question of intergranular cor- 
rosion cannot be dismissed simply by saying that the steel has become mag- 
netic or that carbides have been precipitated, either with or without the as 
sumption of chromium impoverishment in local areas. I cannot agree with 
Dr. Krivobok’s criticism of the Strauss solution (copper sulphate plus sul 
phuric acid). It seems to me this is a particularly good test because it tells 
us exactly what we want to know, i.e., whether the steel is or is not subject 
to intergranular attack. The test is highly selective because it apparently 
attacks the grain boundaries or intergranular surfaces and not the main mass 
of the steel itself. It is quite likely that there are other electrolytes which 
will produce the same result but may require a long time to do so. It is also 
quite likely that steels which may prove subject to the Strauss solution would 
last indefinitely under certain other conditions. The use of 10 per cent hydro- 
chloric acid does not appeal to me as a good substitute. The action of hydro- 
chloric acid is not selective but more in the nature of a general solvent jor 
both intergranular material and the grains themselves. 

There are many chromium-nickel compositions of the more stable austen- 
itic character than the customary 18-8 alloys which cannot be turned magnetic 
by heating to 1200 degrees Fahr. but which are, nevertheless, subject to in 
tergranular attack. It is still evident that wherever it is commercially pos 
sible it is safest to subject the material to a high temperature anneal after it 
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<= been subjected either locally or all over to temperatures in the 1000 to 
i) degrees Fahr. range. In the construction of large apparatus, particu 
rly by the welding method, this frequently becomes impossible. In such 
nditions we must furnish materials not subject to intergranular corrosion 
ven after they have been reheated within the breakdown zone temperature, 
ut for the sake of determining whether such materials are or are not subject 

intergranular attack the writer prefers to use the Strauss solution because 

its specific effect and its searching character. 

In addition to that | would like to add that we have alloys which have 
heen welded and subjected to this test and we have nonmagnetic ones which 
are entirely free from any attack whatever. We have feebly magnetic ones 
which are entirely free from any attack and we have some strongly magnetic 
alloys which are equally resistant, that is if we may assume 720 hours of con- 
tinuous boiling (except for intermediate times at which we change the elec 
trolyte) is sufficient to test it. All those who have made the test know that 
for certain materials one hour is quite sufficient to show the breakdown at 


the grain boundaries. The steels that | have in mind were tested continu 


ously for one month, boiling with 10 per cent copper sulphate, sulphuric acid, 


and they are as metallic as the day they went into the test. 

Written Discussion: By H. D. Newell, chief metallurgist, Babcock 
& Wilcox Tube Co., Beaver Falls, Pa. 

Dr. Krivobok’s contributions on the subject of chromium and chromium- 
nickel-iron alloys are always welcome and provide much food for thought. 
[he magnetic susceptibility tests on the alloys under study provide a_ use- 
ful means of determining the extent of decomposition as influenced by compo- 
sition and thermal treatment. Such decomposition, i.e., the formation of a 
magnetic phase, may proceed from the alloy being too near the boundary of 
martensitic alloys by virtue of original composition or from alteration in com- 
position induced by precipitation of carbides. 

“] From a practical point of view, phase change resulting from composition 
cr is interesting but does not interfere with many commercial applications of 
ells 
ject 


ntly 


such altered alloys. Physical properties are not changed to any great ex 
tent and corrosion resistance is not likely to suffer. On the other hand, car 
bide precipitation, whether or not accompanied by increase in magnetic sus 


ceptibility, may make the alloy liable to disintegration under corrosive con 
1ass as eee ie : ae : See 

ol ditions. This is particularly true if stress is present. Such precipitation may 
uch : me F 
also alter the physical properties. 
ALSO ; 


kaa ena ra se i af sia 


oN 


In the course of our own investigations, which have closely paralleled 


ee 
ne 


noe 


vuld 
Ire 


lro- 


Dr. Krivobok’s, we have run corrosion embrittlement tests on numerous aus- 
tenitic steel alloys. Some of these were plain chromium-nickel compositions 
in which the ordinary 18-8 ratio was varied to a considerable extent. Other 
18-8 compositions containing various additional elements such as silicon, cop- 
per, molybdenum, vanadium, tungsten and combinations of these elements, were 
examined. Disregarding phase change produced by alteration in composition, 
it was found that a tempering treatment followed by corrosion would induce 
lisintegration in all alloys in the presence of sufficient carbide. 

Many of the alloys with added elements and in the heat treated state were 
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mineral acids than ordinar 
18-8, but after tempering they showed no advantage from the standpoint oj 


intergranular attack. 


much more corrosion resistant to the action of 


There are two fields of application for stainless alloys 
in the class investigated by Dr. Krivobok. In one field there are mechanj 
cal and corrosion resistant applications at temperatures below a point wher 
carbide precipitation can cause damage. In this field correctly heat treated 
alloys are applied and composition may be altered to provide suitable corro- 
sion resistance for the intended service. The presence of a magnetic phas: 
does not hinder application except in certain electrical uses and as it can by 
(Ref 
erence is made to cold-worked low carbon 18-8 alloy which has increased in 


magnetic susceptibility due to formation of alpha iron.) 


easily compensated for by change in composition, it is of no moment. 


In the other field of use, where the alloy is in elevated temperature sery 
ice, fine carbide precipitation can quickly render the alloy unsafe or cause rapid 
failure by disintegration providing conditions of stress and corrosion prevail 
This is also true of welded structures which have not been heat treated prior 
to service. 

Lowering of the carbon content of alloys applied in this second class of 
service has done more toward eliminating failure from disintegration than any 
additional added. We cannot agree with Dr. 
that mere lowering of carbon content does not render the alloy immune from 


elements Krivobok’s statement 


destructive decomposition. In the past three years there has been manufac- 
tured several thousand tons of 18-8 alloy for elevated temperature service in 
which the carbon content has been limited to a maximum of 0.07 per cent. 
This effort on the part of the steel makers has done much toward ensuring 
satisfactory service for the alloy. This low carbon alloy has been used in 
many high temperature applications involving stress and corrosion and although 
it shows decomposition as measured by magnetic tests, it is quite satisfactory) 
from both a physical and corrosion standpoint. 

The writer has called attention’ to the fact that grain size as well as car- 
bon content influences the ability of the alloy to stand intergranular corrosio1 
low carbon 
content alloys resist such corrosion better than coarse-grained alloys, by vir- 


after heating in the carbide precipitation range. Fine-grained 
tue of having a greater “grain boundary extent’ to receive the precipitated 
carbides. It is wondered if Dr. Krivobok considered the effect of grain size 
in this light in his investigations. 

Concerning the copper sulphate test, while it is admittedly drastic, 18-8 
alloys which have been heated sufficiently to permit carbide precipitation ar¢ 
likely to fail under much milder corrosive agents. Many of the higher car- 
bon alloys, 0.08 per cent and above, if tempered at 1200 degrees Fahr., will 
disintegrate in such agents as acetic acid, hot salt water and even tap water 
on long periods of exposure. Consideration of carbon content, grain boundary 
extent and resistance to copper sulphate after carbide precipitation are pertinent 
to the satisfactory service of 18-8 alloy service. 


for elevated temperature 


The correlation of gas corrosion tests at elevated temperature and the copper 


1H. D. Newell, “Influence of Grain Size on the Properties and Corrosion Resistance of 
the 18-8 Iron-Chromium-Nickel Alloy for Elevated Temperature Service,’ TRANSACTIONS 
American Society for Steel Treating, Vol. 19, 1932, p. 673. 
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Jphate test after heating 18-8 alloys would do much toward enabling one 
accurately select an alloy for a given service. In this respect, the influence 
stress is of prime importance. 

Dr. Krivobok’s production and investigation of alloys containing about 

).01 per cent carbon are extremely interesting. The writer will look forward 

the time when such alloys are available commercially, as then, with cer- 
tain adjustments in alloy content, we will have a material not subject to de- 
composition regardless of thermal treatments. 

In conclusion, | would like to congratulate the author and his co-workers 
for this interesting and useful contribution to the subject of iron-chromium- 
nickel alloys. 

Written Discussion: By Albert Sauveur, Gordon McKay Professor 
of Metallurgy and Metallography, Harvard University, Cambridge, Mass. 

When we are told that in the course of the investigation reported by the 
authors more than 500 samples were tested and studied, we are impressed 
by the amount of labor involved and this adds to our high appreciation of this 
important paper. Chromium-nickel steel of the type investigated by the 
authors has for some time occupied a conspicuous position on the metallurgical 
stage and we should be indebted to them for the additional light they have 
thrown upon its behavior. It is obvious that if its “decomposition” could be 
controlled or “prevented, its commercial value would be materially increased. 
In order to do so, however, it is essential, as the authors clearly see, that we 
should know the cause of the phenomenon. 

This 18-8 steel at a high temperature is a solid solution of carbon, nickel 
and chromium in gamma iron. This solid solution is stable above the trans- 
formation point of gamma iron. In pure iron the transformation occurs in 
the vicinity of 900 degrees Cent. (1650 degrees Fahr.). The presence of 
carbon, nickel and chromium, however, lowers the transformation point to 
some 650 degrees Cent. (1200 degrees Fahr.). Above that temperature, the 
alloy is stable and does not exhibit any tendency to decompose. On reaching 
650 degrees Cent. (1200 degrees Fahr.) or thereabouts, the alloy becomes 
unstable and a long sojourn at that temperature results in decomposition. 
The mechanism of that decomposition is similar to the one observed in the 
breaking up of any solid solution on reaching its critical point. A new phase 
comes into existence—the alpha phase 





around the grain boundaries and along 
some crystallographic planes. As the alpha phase, however, is not capable of 
retaining any appreciable amount of carbon in solution, carbides are pre- 
cipitated. This is why the phenomenon has come to be known as carbide 
precipitation. In the absence of carbon or when only an extremely small 
amount is present, the decomposition proceeds in the same manner through 
the formation of the alpha phase, but necessarily there is little if any carbide 
precipitation. This alpha phase, necessarily free from carbides, is what the 
authors call “magnetic chromuim-nickel ferrite.” That such decomposition 
of the solid solution does not occur at temperatures considerably below 650 
degrees Cent. (1200 degrees Fahr.), although it is then more unstable, must 
be ascribed to lack of plasticity. The same phenomenon is observed in 
hardened steel. The retained austenite which is present is unstable, but lack 










































































































































































































































































































64 TRANSACTIONS OF THE A. S. S. T. Janua 


of plasticity does not permit its transformation. It does transform, howev: 
at higher temperatures. 

If this conception is correct, it follows that in order to prevent decor 
position one or more elements should be added capable of producing a sol 
solution which will remain stable until a temperature is reached too low 
permit decomposition. 

Written Discussion: By Dr. B. Strauss and Dr. P. Schafmeist 
Fried. Krupp A. G., Essen, Germany. 

The accomplishments of Dr. Krivobok and his co-workers on “Further 
Studies on Chromium-Nickel-Iron and Related Alloys,” continues the series 
of his work (together with Dr. Grossmann) on these alloys and furnishes 
very interesting further information. The question of intercrystalline corro- 
sion on iron-chromium-nickel alloys is too complicated to be handled 
thoroughly in a short discussion. Permit us, therefore, to call attention 
the complete work of Dr. Schafmeister and Dr. Houdremont on intercrystal- 
line corrosion soon to appear in print. 

Written Discussion: By F. H. Allison, Jr., Crucible Steel Co. of 
\merica, Pittsburgh. 

The present paper by Dr. Krivobok and his associates holds a wide in- 
terest. It is especially interesting to the steel makers whose attention has 
been engaged for a considerable period of time in the subject of intercrystal- 
line attack which occurs under certain conditions in the corrosion resisting 
chromium-nickel-iron alloys. While, as yet, the exact physical-chemical 
cause for the decreased corrosion resistance at the grain boundaries has not 
been determined, enough work has been done so that there is commercially 
ivailable, 18-8 alloys which are completely invulnerable to this attack. 

The comments on the use of the boiling copper sulphate test are note- 
worthy. The test has met considerable justifiable criticism on account of the 
drastic nature of its attack, the severity of which is seldom encountered i 
practical application. The merit of the test seems largely to be that steels 
which are found resistant to it are certain to withstand the milder forms of 
attack usually met with in service, although, for most applications, the test 
imposes an unnecessarily stringent requirement. 

The authors’ use of magnetic measurements in connection with the suscep- 
tibility to intercrystalline corrosion has been particularly interesting. It is 
evident that the relationship of the magnetic properties to the susceptibility t 
intercrystalline attack requires a large amount of further study. The small 
magnitude of the magnetism in the austenitic steels and. the extreme sensi- 
tiveness of magnetic properties to a great number of conditions may easily 
cause any relationship which exists to be obscured. Cold work has an im- 
mense effect on the magnetic induction which is not limited to the grain 
boundaries. It is well known that cementite possesses magnetic properties. 
Thus the magnetic induction of the free carbides requires investigation before 
an increase in the magnetic properties of the alloys can always be attributed 
to an increase in alpha-constituent. Grain size has been credited with playing 
a part in the susceptibility of the alloys to intercrystalline corrosion. It has 
not been demonstrated that this factor influences the magnetic results to an 
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sservable degree. There is the further fact, which is brought out by the 
resent paper, that composition greatly influences the magnetic properties 
without eliminating the susceptibility of the alloys to intercrystalline attack. 
lhe variation in magnetic induction which the authors find with constant re- 
heating temperatures and varying quenching temperatures is an indication of 
he complexities which require solution. The relationship of the magnetic 
properties to the resistance to intercrystalline corrosion is further com- 
plicated by the difficulty of obtaining an exact index of the degree of inter- 
crystalline corrosion. The methods of measurement of the attack at present 
are more of a qualitative than quantitative nature. The authors have not 
made clear the method used in measuring the depth of attack reported in 
the present paper. 

The paper covers an exceptionally wide scope and has entailed a great 
amount of experimental work. Under such conditions it would have been 
impossible in the available time for the authors to follow all the interesting 
leads which presented themselves. There is one further consideration, how- 
ever, in the problem of intercrystalline corrosion besides the possibility of 
chromium impoverishment and phase change which deserves attention. This 
is the effect of colloids in solid solution. Many valuable facts concerning col- 
loids existing in a liquid medium have been reported, but few data are avail- 
able regarding colloids in a solid matrix. The large amount of surface energy 
of the finely precipitated carbides should have considerable influence on the 
electrochemical properties of the solid solution. An investigation of the 
magnetic and corrosion resisting properties of the several alloys at smaller 
temperature intervals between 900 and 1500 degrees Fahr. might not only 
throw more light on the relationship between the magnetic induction and 
intercrystalline corrosion, but would also contribute some information regard- 
ing the effect of the size of the carbide particles. A study of the influence 
of time at heating at the carbide precipitating temperatures, which Dr. 
Krivobok promises, should also be particularly valuable in this respect. 

Written Discussion: By Robert F. Mehl, assistant director, research 
laboratories, The American Rolling Mill Company, Middletown, Ohio.’ 

It is pleasant though difficult to accept Professor Krivobok’s invitation, 
and to prepare a discussion of his paper,—difficult because of the encyclopedic 
thoroughness of his studies. 

In all work where decompositions in solid phases are encountered, one 
fact is outstanding: the new phase or phases often appear preferentially at 
grain boundaries. Ordinarily the metallurgist ascribes this behavior to a 
higher degree of instability at the grain boundary, but this is hardly more 
than the introduction of new descriptive terms, and it devolves upon the 
scientist to discover and to formulate the basis for this instability. Ordinarily 
grain boundary distortion is postulated, and it is quite certain that the field 
of force in the surface of a grain (at the grain boundary) is quite different 
from that within the grain. If this unbalance in the force field at the boundary 
should lead to lattice distortion, as it surely must, it is reasonable to sup- 





__*Dr. Mehl is now director of the Bureau of Metallurgical Research, Carnegie Institute 
of Technology, Pittsburgh. 
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pose that the solid solubilities at the boundary are different than within the 
grain, resulting in precipitation at the boundary and not within the grain, or 
at the boundary before within the grain; furthermore, this distortion must 
alter the rate of diffusion which controls the rate of precipitation. It might 
also be recalled that Willard Gibbs derived thermodynamic expressions for 
the concentration of a solute at the surface of a solution. Since the physico- 
chemical analogies between liquid and solid solutions are so complete, it is 
likely that a similar concentration of solute occurs at the surface of a grain, 
leading to an early precipitation at the boundary. It has not been demon- 
strated that such a concentration does in fact obtain, nor does there appear 
to be any way of predicting the extent of such concentration, yet this effect 
may be present in such decompositions as those described in Professor 
Krivobok’s various papers. 

The magnetic method used to follow the course of decomposition seems 
very suitable. I should like to enquire of Professor Krivobok whether he has 
thought of using X-ray diffraction methods in this study. Modern technique 
will permit the detection of small amounts of precipitate, and will also indi- 
cate the course of precipitation by changing lattice parameter and by lattice 
distortion. It is possible that this type of study would yield a more exact 
correlation with the corrosion of the alloys than was possible with a study of 
magnetic changes. 

Written Discussion: By O. V. Greene, metallurgical department, the 
Carpenter Steel Company, Reading, Pa. 

We are indebted to Dr. Krivobok for further information in regard to 
the peculiarities encountered with the 18-8 and related alloys when exposed 
to high temperatures. We have found that the copper sulphate test as de- 
scribed in the present paper requires long periods of time to differentiate be- 
tween various treatments, unless the alloy in question is in such a condition 
that intergranular corrosion will take place in a matter of 40 to 50 hours. 
We feel that the Dupont nitric acid test as described by W. R. Huey* is not 
only considerably faster, but will determine quantitatively the differences that 
neither the acid copper sulphate nor the HCI tests will show. This test em- 
ploys 65 per cent nitric acid by weight used boiling. Specimens are carefully 
polished and exposed to the action of this corrodant for five 48-hour periods. 
The corrosion rate is reported in inches penetration per month which can be 
calculated from a formula given in the paper referred to. We have made a 
considerable number of determinations by this method and find that the re- 
sults are consistently accurate and can be checked. 

In the accompanying table results of this test on a number of alloys in 
various conditions are given. 

Irrespective of carbon content all of the alloys show the best corrosion 
resistance in the water-quenched condition. It is interesting to note that air- 
treating produces only approximately 1/10 of the corrosion resistance shown 
by water quenching from the same temperature. In our work with acid cop- 
per sulphate such differentiations could not be found. 

On page 57 of the paper, the statement is made that the maximum de- 


8W. R. Huey, “Corrosion Test for Research and Inspection of Alloys,’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 18, 1930, p. 1126. 


& 
hi 


Wea 
Rta 








ye - 





act 











DISCUSSION—CHROMIUM-NICKEL-IRON ALLOYS 67 
























































ne ms ” Corrosion Rate 
in, or Rin 0) je Si ce Ni = Inches Penetration 
Treatment Per Month 
must 
ot a 1 0.031 0.23 17.58 8.09 As rolled and reheated to 1100 degrees 0.036900 
might g Fahr. Held 24 hours. 
S tor 3 
VSico- ‘ 1 As rolled and reheated to 1200 degrees 0.011940 
or Fahr. Held 24 hours. 
it is j 
grain, As rolled and reheated to 1300 degrees 0.006154 
Fahr. Held 24 hours. 
-mon- 
ippear 4 2 0.050 0.21 17.58 8.98 As rolled 0.002861 
effect 5 , : . 
4 Water quenched from 2000 degrees Fahr. 0.001868 
fessor 5 














? Water quenched from 2000 degrees Fahr. 0.033480 
and reheated to 1200 degrees Fahr. 


seems Held 24 hours. 


1e has 


Anique a 
}indi- i 
+ 


lattice 


0.067 0.30 19.25 10.00 As rolled 0.002612 
















Water quenched from 2000 degrees Fahr. 0.001065 






































































exact hg 3 Water quenched from 2000 degrees Fahr., 0.064130 
: 7 reheated to 1200 degrees Fahr. Held 
ady ol 4 24 hours. 
4 0.090 As rolled 0.022340 
x,’ te 
4 Water quenched from 2000 degrees Fahr. 0.001260 
ard to 
posed 4 Water quenched from 2000 degrees Fahr., 0.069510 
xpose reheated to 1200 degrees Fahr., held 
as de- 24 hours. 
ate be- ‘ i . 
diti a 5 0.105 0.44 17.95 9.35 Air treated from 2000 degrees Fahr. 0.017400 
ndition & 
hours. A Water quenched from 2000 degrees Fahr. 0.000739 
. “a E As rolled 0.038550 
es that 3 
st em- 3 Quenched from 2000 degrees Fahr. 0.001465 
irefully 3 
ce rp Quenched from 2000 degrees Fahr. Re- 0.092730 
yer iods. Ed heated to 1200 degrees Fahr., held 24 
can be = hours. 
E 
Fis 
made a ba Water quenched from 1900 degrees Fahr., 0.110200 
the re- = reheated to 1200 degrees Fahr., held 
: 24 hours. 
loys in Quenched at 2000 degrees Fahr. Re- 0.007904 
heated to 1200 degrees Fahr. Held 24 
7 4 hours. Followed by reheating to 1600 
yrrosion degrees Fahr., held 24 hours. 
hat air- Ss : 
: Quenched at 2000 degrees Fahr. Re- 0.008996 
shown heated to 1600 degrees Fahr. Held 24 


‘id cop- hours. 





Brine quenched at 2000 degrees Fahr., 0.051395 


tum de- reheated to 1200 degrees Fahr. Fol- 
lowed by 1600 degrees Fahr. Followed 
SACTIONS, by 1200 degrees Fahr. (All tempera- 


tures used for 24 hour intervals.) 





68 TRANSACTIONS OF THE A. S. S. T. 





January 


composition will take place after quenching at 2000 degrees Fahr. followed by 
suitable reheating. From the data we have accumulated, quenching at 1900 
degrees Fahr., with the same reheating temperature, seems to produce the 
same decrease in corrosion resistance as quenching at 2000 degrees Fahr. 

The decrease in corrosion resistance after reheating at 1200 degrees Fahr. 
is apparent. In many cases after reheating in this temperature range, the 
alloys have only 1/50 of the corrosion resistance that they had in the 
quenched condition. The corrosion resistance as-rolled may lie between the 
air-treated and reheated specimens. However, occasional specimens as-rolled 
show a considerably better resistance than the air-treated ones. The influence 
of reheating at various temperatures and at different temperatures, one fol- 
lowing the other, is also given. It is further interesting to note that decom- 
position takes place in all of these alloys irrespective of carbon content. The 
reheating temperature necessary to produce this condition apparently decreases 
with the carbon content. 

Written Discussion: By M. A. Grossmann, metallurgist, Illinois Steel 
Co., South Chicago, II1. 

Dr. Krivobok is assuredly to be congratulated on the great amount of 
useful information furnished here. The paper brings out a number of points 
calling for additional comment. 

The first point is on the relation between magnetic properties and cor- 
rosion. It is shown that the magnetic qualities of 18-8 may sometimes be 
taken as an index of probable corrodibility, while at other times they must not 
be so taken, and further that this relation between magnetic qualities and cor- 
rosion does exist when the carbon content of the 18-8 is high, and does not 
exist when the carbon content is low. This is an important point. 

Again, it is very interesting to find the data on corrosion of alloys higher 
than 18-8. The data are in harmony with the conclusions on the effect of 
carbon, and dispose of the thought that mere increase in alloy content would 
eliminate corrosion. 

Also, special attention must be called to the data on creep, which are 
summarized in Fig. 24, and which must have involved a tremendous amount 
of work. Because of the importance of the creep data, and because of the 
wide difference in behavior of the different alloys, it would be interesting to 
hear just how the creep was measured,—that is to say, the kind of instrument 
used. 

In relation to the creep, it is interesting to hear that plain 18-8 broke, 
not at the highest temperature but in the intermediate temperature zone 
around 1400 degrees Fahr., which has been shown to be a temperature of 
decomposition, whereas the alloys which showed very little decomposition 
around 1400 degrees Fahr. broke in the normal manner,—that is,—in the hot- 
test zone. 

Oral Discussion 


CHAIRMAN T. H. Netson:* First, I would like to congratulate the 
authors on this splendid contribution. There is already voluminous literature 





‘Consulting metallurgist, Widener Building, Philadelphia. 
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this subject. Secondly, in regard to some work that I have under ob- 
-yation at the moment which confirms the comments of Dr. Sauveur, and 

some extent that of the author. I recently had the opportunity of examin- 
ng 18-8 with carbon as low as 0.006 and 0.008. In that case we have a distinctly 
magnetic material. As you will note from some of my previous work, I 
had thought that magnetism was indicative of corrosive attack, but in this 
case we have strong evidence of magnetism without the intergranular corro- 
sion in copper sulphate, and I am forming the opinion, which I think will 
check with Dr. Sauveur, that where we do have in the material both the 
vamma and alpha phase so long as the carbon is low at the same time, we do 
not get chromium impoverishment. Under these conditions it is possible for 
us to have a material magnetic embodying both alpha phase and gamma phase 
iron, but due to the low carbon content there is no chromium impoverishment ; 
therefore we have a material containing two phases, both of which, however, 
have the requisite alloy content to render them corrosion resistant without 
any impoverished areas and so, despite the fact that the material may be so 
constituted and magnetic, we, nevertheless, are able to obtain satisfactory 
corrosion resistance from such a combination. 








Authors’ Closure 


3y V. N. Krivopox 





Perhaps, after all, there is a _ slight misunderstanding between my 
esteemed friend Dr. Mathews and myself. I did not wish to propose sub- 
stituting any other acid test, as for example hydrochloric acid, for the 
Strauss solution. In fact, I thoroughly agree with Dr. Mathews in regard 
to the apparent usefulness of this solution and its adaptability to many cases. 
I do maintain, however, that the Strauss test is an exceedingly severe one 
and must be specified (or adopted as a standard test) only when conditions 
of service warrant it. Unfortunately, its adoption as a routine test, regardless 
of the purpose for which the material is required, has become a serious ques- 
tion from the manufacturer’s point of view. Since the presentation of the 
present paper on 18-8 quite a bit of work has been carried on in regard to the 
strength of various heat resisting alloys at high temperatures. Some of the 
modified 18-8 alloys compare exceedingly favorably with plain 18-8 (for that 
matter with plain chromium-nickel-iron alloys) showing high strength, even 
after prolonged heating within the dangerous zone 1200 to 1500 degrees Fahr. 
They are not immune to failure under the Strauss test, however, especially 
if heating, prior to the test, was of short duration. Their strength is such that 
the use of the material (for certain definite purposes) is obviously safe. The 
Strauss solution test precludes their use. Is it a good test, then? 

There is little in the kind comments of Mr. Newell with which the pres- 
ent authors would not agree. Mr. Newell’s work in the field of chromium- 
nickel alloys has equipped him with so much knowledge that his remarks are 
always interesting and pertinent. It is fully agreed that the phase change 
observable in some 18-8 with special additions does not interfere with many 


commercial applications of such alloys. It is not quite certain, however, that 
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“physical properties are not changed to any great extent” as Mr. Newell ap. 
pears to believe. Recently a large amount of data was obtained pertaining to 
impact values of heat resisting alloys, some of which, upon reheating, suffer 
carbide precipitation while others merely undergo phase change. In _ both 
cases alloys have changed impact values very considerably. This information 
will constitute, it is hoped, a separate paper, and for that reason the details 
are not given here. 

Again, as in my answer to Dr. Mathews, I have to take a position where- 
by I will appear as defending myself. Mr. Newell would not agree with the 
statement that mere lowering of carbon content does not render the alloy im- 
mune from destructive decomposition. Neither would I: for that very reason 
chromium-nickel alloys of exceptionally low carbon content (0.01 per cent) 
were prepared and studied. The fact that these alloys were found to be im- 
mune from carbide precipitation disease, proves that lowering of carbon con- 
tent below a certain amount is a very helpful measure. Perhaps my fault lies 
in not stating more definitely (in the paper) that lowering of carbon content 
within commercially possible carbon limits does not render the alloy immune 
from destructive decomposition. Commercially made 18-8 cannot be guar- 
anteed, to the best of my knowledge, with carbon less than 0.05 per cent 
From the point of view of decomposition this is not low enough, but as | 
presented in the paper, laboratory metal with 0.01 per cent carbon is immune 
to decomposition. 

In my work I did not consider the effect of grain size, but, having studied 
Mr. Newell’s paper,’ I fully agree with him that the grain size is apparentl) 
of much importance. It might please Mr. Newell to know—if he does not 
know it already—that in large industrial installations the grain size receives 
much attention. 

After reading the discussion by Mr. Newell of the copper sulphate test, | 
take the liberty of surmising that he agrees with me, at least in that the sul- 
phate test should be specified only when the conditions of service are of a 
nature that would warrant such a test. 

I am indebted to Dr. Strauss and Dr. Schafmeister for calling my atten- 
tion to the work of Dr. Schafmeister and Dr. Houdremont and its _forth- 
coming publication. I shall look forward to seeing it. 

I fully agree with the remarks by Dr. Allison, and thank him for the valv- 
able suggestion. Indeed, the question of heat resisting alloys is very com- 
plex and for that reason alone, at least for me, it is so fascinating. The mort 
I learn of the subject, the more I am inclined to agree with Dr. Allison that 
many conditions may and in fact do affect the magnetic properties of alloys 
and thus further complicate their studies. After all the question of magnetic 
properties is a question of equilibrium. And the latter, in turn, is a ques- 
tion of concentration, phase relationship and the rates of reaction. The time 
factor (the time at decomposition temperature) alone complicates the study 
of magnetic phase quite considerably,—as I already stated in my consideration 
of Mr. Newell’s remarks. 

The thought advanced by Dr. Allison in regard to the effect of colloids 


5See footnote 1. 
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-olid solution is indeed worthy of consideration. I would indeed like to 
sue this line of work but, frankly, I do not know the way of carrying it out. 
It is a pleasure to hear from Dr. Mehl and I fully agree with his state- 
ment in regard to our insufficient knowledge concerning the exact state of the 
matter at the grain boundaries. 






The logic in the thoughts of Dr. Mehl can- 

t be disputed, but to have it proved or at least supplemented by experi- 
mental facts, is a difficult undertaking. While it is true, as Dr. Mehl stresses, 
that the physico-chemical analogies between liquid and solid solutions are so 
complete, yet it is apparently true that the experiments would have to be 
conducted by several generations consecutively, for the life of one man would 
not be long enough. 
actions in the solids? 








What about the excellent work of Bain on rates of re- 





In the course of studies on the iron-manganese-carbon 
system the participating workers were faced with what appeared to be un- 
surmountable difficulties, as regards the state of equilibrium. 

[ have thought indeed of using X-ray diffraction methods in the study as 
recorded in the paper. I sincerely believe that the method would yield very 
reliable and indeed interesting results. 











Purely practical considerations, as is 
often the case, stood in the way of the realization of such studies. I must 
state, apologetically of course, that with some 500 samples, the X-ray diffrac- 
tion method seemed to be out of the question. 










The remarks of Mr. Greene are of much interest to me and I am indeed 
obliged to him for calling my attention to Mr. Huey’s paper. Since reading 
the paper of Mr. Huey, I have conducted several tests using 65 per cent nitric 
acid by weight, and find that the results as given by Mr. Greene are quite re- 
producible. I was particularly interested in alloy number 1 given by Mr. 
Greene in his table. The carbon content of this alloy is stated to be 0.03 per 
cent,—very low indeed, and yet the alloy shows carbide precipitation and 
subsequent corrosion. 









Are we to interpret from these results that carbon as 
low as 0.03 per cent is still too high to permit the indiscriminate use of this 
material? Since the carbide precipitation apparently occurs in this alloy, it 
can mean but one thing, namely, that the solubility for carbon at 1200 degrees 
Fahr. is lower than 0.03 per cent. 






These results are also important in view of 
the statement recently made that the effect of carbon less than 0.04 per cent 
upon ordinary corrosion behavior is too slight to be observable.° 

I have read with much interest the comments of my esteemed friend, 
Dr. M. A. Grossmann. 







The work which has been carried on since the prep- 
aration of the present article indicates that the relationship between corrodi- 
bility and magnetic properties is to be considered in terms of time. That is 
to say, at some stages of decomposition the relationship is fairly evident: but 
as the time increases and the homogenizing effects take place, this relationship 
is considerably altered. 











At least, it is unquestionably so in this case of 
special 18-8 (that is, those to which other elements were added). 

In reference to the remarks made Dr. Grossmann, concerning the 
creep (briefly summarized in Fig. 24 of the paper) it is hoped that the data 
now available will soon be presented in a separate publication. 


by 






However, in 












*Aborn and Bain; “Nature of the Nickel-Chromium Rustless Steels," 


TRANSACTIONS, 
American Society for Steel Treating, Vol. 18, July-December, 1930, p. 


871. 
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answer to Dr. Grossmann’s request, I wish to state that no attempt was mak 
to measure the creep value in the strict sense of this word. The samples oj 
special 18-8 were loaded with a certain static load (varying from 5 to 8000 
pounds per square inch) and the automatic recording curves representing 
elongation versus time (until the samples broke) were obtained. The be- 
havior of steel of various compositions is so different that I feel fully justi. Ty 
fied in performing this simplified test. 

I am pleased to have the comments of my esteemed teacher, Professor 
Sauveur. His clear conception of the carbide precipitation phenomenon will 








be, | am certain, very helpful to all those who are engaged in the studies of f 
heat resisting alloys. Perhaps I may permit myself this additional thought: ; 
I believe that not only the critical (transformation) point in chromium-nickel- f 
iron alloy should be considered but also the solubility, at various temperatures, f 
of carbon in solid alloy. The carbide precipitation can be produced by heating ; 
at any temperature between 900 and 1700 degrees Fahr. I feel reasonably cer- . 

tain that the same precipitation would occur even at lower temperature—th 
factor of time being all important—and so, the question of critical point be- ¢ 
comes rather uncertain. The concept that two phases co-exist together—on 
stable and the other metastable—may be entertained. This concept, of cours - f 
does not contradict the one so clearly stated by Dr. Sauveur. : 
Of course I was interested to know from T. H. Nelson that his experi- : 
ments with very low carbon 18-8 alloy fully substantiate our findings. |; : 
our case we did not observe much of the magnetic phase (chromium-nicke! q 
ferrite) except after the decomposition treatment which consisted of heating 7 
between temperatures of 1400 to 1600 degrees Fahr. It is very interesting t : 
os ( 


me that carbon as low as 0.006 per cent could be obtained. I would ap- By 
preciate very much if Mr. Nelson would care to let me know how it was done 9 
and more particularly whether it was an experimental or commercial alloy rs | 
I wish to thank most sincerely all of the gentlemen for their friendly and M 
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SCALING OF STEEL AT HEAT TREATING 
TEMPERATURES 


By CLAIR UpTHEGROVE AND D. W. Murpuy 


Abstract 





This paper presents the results of an investigation of 
the relative scaling effects of atmospheres of air, carbon 
monoxide, carbon dioxide, and water vapor on steel over 
the temperature range 1000 to 2000 degrees Fahr. In addi- 
tion the relative scaling effects of different gas-air ratios 
on steel at temperatures of 1500, 1600, 1700 and 1900 
degrees Fahr. are given. 
It is shown that scaling does not increase regularly 
with increase in temperature in the simple atmosphere, air, 
oxygen and carbon dioxide. A maximum and a minimum . 
point are observed for carbon dioxide at 1400 and 1520 
degrees Fahr. and for air at 1800 and 2000 degrees Fahr. 
A very definite retardation in the rate of scaling in oxygen 
is also observed at 1800 degrees Fahr., the temperature at 
which blistering first becomes noticeable in both air and 
oxygen. For temperatures below 1700 degrees Fahr. but 
very little scale is produced by combustion atmospheres 
carrying four or more per cent of carbon monoxide. 
































UCH of the steel produced annually requires a heat treatment 

to produce the desired qualities in the finished product. With 
the exception of a few steels most heat treatments are accomplished 
in the temperature range of 1000 to 2000 degrees Fahr. (540 to 1095 
degrees Cent.). Consequently the problem of the action of various 
atmospheres on steel arises. The principal effects of atmospheres 
on steel at these temperatures are those of decarburization and scal- 
ing. An extensive investigation of decarburization by W. E. Jominy’ 
indicated that this phenomenon was in part dependent on the type of 
scale formed on the steel. 













_ IW. E. Jominy, ‘“‘Decarburization of Steel at Heat Treating Temperatures,’ University 
of Michigan, Engineering Research Bulletin No. 18. 





A paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. Of the authors, who are members of 
the society, Clair Upthegrove is professor, department of chemical engineer- 
ing, and Dr. D. W. Murphy is research associate, department of engineering 
tags University of Michigan, Ann Arbor, Michigan. Manuscript received 
June 17, 1932. 
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Scaling, in addition to its effect on decarburization, has a direct 
bearing upon many of the items entering into the cost of heat treat- 
ment. There is, of course, the intrinsic value of the metal converted 
to scale which is, however, rather small in comparison with other 
effects directly attributable to scaling. The fact that oxidation 
occurs, requires the designer of a part to specify a certain tolerance 
in the dimensions prior to heat treating to compensate for the effect 
of scaling. Final machining of heat treated parts is thus made neces- 
sary to remove the excess metal which adds directly to the cost of 
the product. Furthermore, adhering bits of scale are the frequent 
cause of soft spots or poor hardening penetration. These are per- 
haps only a few of the ways in which scaling affects the cost of heat 
treatment, but they are sufficient to illustrate the importance of this 
problem. 

Considering the importance of scaling there was relatively little 
information concerning the various factors which influence scaling 
at heat treating temperatures which could be applied in a practical 
way to minimize the detrimental effects. Therefore, for the past 
two years, the Committee on Industrial Gas Research of the Ameri- 
can Gas Association has sponsored a program of research to bring 
to light more of the facts surrounding the problem of scaling. In 
this paper the results of a portion of the research are presented. In 
particular, following a brief discussion of the available literature 
and the methods employed in the present investigation, the data are 
presented which were obtained in studying the various factors in- 
fluencing oxidation in simple gases together with a brief account oi 
experiments in gas-air combustion atmospheres. 


LITERATURE 


Previous research on the general subject of the oxidation of iron 
has proceeded along three rather distinct lines of investigation. The 
earliest researches aimed to determine the equilibria in the systems 
Fe:O:C and Fe:O:H. A number of empirical studies were later 
carried on in which the extent of oxidation was determined under 
very special conditions. The third class of researches comprises 
those in which the mechanism of oxidation was studied. For the 
present, discussion of equilibria will be omitted. 

Among the empirical researches there are a considerable num- 
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of papers. Friend* * reported that oxidation of iron with steam 
van to be appreciable at 750 degrees Fahr. (400 degrees Cent.) 
.d somewhat later that the influence of temperature and time were 
quite marked. His experiments led him to believe that the dissocia- 
tion of water vapor played an extremely important part in the oxida- 
tion of iron by steam. Utida and Saito* observed the rates of oxida- 
tion of various materials in air by means of a thermo-balance meas- 
uring gain in weight. They found that the rate of oxidation de- 
creases with increasing time. Scott® also studied the oxidation of 
iron and carbon tool steels in air, observing that Armco iron scaled 
faster than high carbon tool steels at the same temperature. 

Marson, Angus and Cobb** investigated the scaling of steel 
in steam, carbon dioxide and air at 1650 and 1830 degrees Fahr. 
(900-1000 degrees Cent.), observing that scaling was much increased 
at the higher temperatures. They rated air as the most powerful . 
oxidizer, steam next and carbon dioxide, the least. Cobb and his 
associates also studied scaling in mixtures of carbon monoxide and 
carbon dioxide and of water vapor and hydrogen. Hatfield® also 
reported scaling observations in synthetic mixtures and in air. He 
observed that water vapor and sulphur dioxide were powerful 
in their effect on the oxidation of steel. 

Dickenson® made a few tests of scaling in actual gas-air com- 
bustion atmospheres. His measurements lacked quantitative accuracy 
as did those of McCormick’? who likewise investigated briefly the 
action of furnace gases on steel in the heat treating temperature 






















2, 83. A. N. Friend, Journal, West Scotland Iron and Steel Institute, Vol. 
p. 66-69. Proceedings, Chemical Society, Vol. 27, 1911, p. 124, and Journal, 
Society, Vol. 99, 1911, p. 969-73. 


17, 1910, 
Chemical 


*Yuhatiro Utida and Makoto Saito, ‘‘The Oxidation of Metals and Alloys at High 
lemperatures,’’ Science Reports of Tohoku Imperial University, Vol. 13, p. 391-99. 


SHoward Scott, Chemical and Metallurgical Engineering, Vol. 25, p. 72-74. 





**Marson, Angus and Cobb, Journal, Society of Chemical Industries, Vol. 46, p. 


61T- 
72T, and Forging, Stamping and Heat Treating, Vol. 13, p. 118-123. 








*‘W. H. Hatfield, “Application of Science to the Steel Industry,” 
American Society for Steel Treating, Vol. 15, 1929, p. 474, 652, 817, 986. 















TRANSACTIONS, 


*J. H. S. Dickenson, Journal, Iron and Steel Institute, Vol. 106, p. 103-41, and Engi- 
neering, Vol. 114, p. 326-378. 





_ .“G. C. McCormick, “Furnace Atmospheres and Their Relation to the Formation of 
Scale,” Transactions, American Society for Steel Treating, Vol. 2, 1921-22, p. 1006. 





76 TRANSACTIONS OF THE A. S. S. T. January 
range. The empirical researches present no connected survey of the 
various factors influencing scaling and frequently the methods em- 
ployed have not been of the highest possible accuracy. 

Passing over many of the papers discussing the mechanism oj 
oxidation, three may be cited as of the greatest importance. Pilling 
and Bedworth” after a careful investigation of the oxidation of cop- 
per advanced the hypothesis that continued oxidation of a metallic 
surface occurred by reason of the diffusion of oxygen inward through 
the previously formed layers of scale. They divided all metals into 
two groups, noble and base, depending upon the dissociation pressure 
of the oxides which tend to form. The base metals are further 
classified into two groups based upon the texture of the oxide coat- 
ing and depending upon a certain relation between the densities of 
metal and oxide. The oxide texture determines in their opinion, 
whether or not the oxide coating will serve to decrease further oxida- 
tion. The controlling factor in oxidation is, according to this theory, 
the solution and the diffusion of oxygen through the layers of scale 
to the metal-scale interface. 

Fedotjev and Petrenka** advanced the theory that the alter- 
nate formation and reduction of higher and lower oxides of iron was 
responsible for continued oxidation. In their mechanism they con- 
sidered that FeO was formed first and then oxidized to Fe,O,. The 
Fe,O, was then reduced by the iron in contact with it to FeO so 
that additional iron was oxidized in this process. The FeO was 
oxidized again to Fe,O, and the process repeated. 

Pfeil ** however has advanced what appears to the authors to 
be the best mechanism. In his theory there is of course a diffusion 
of oxygen inward through the scale but in addition there is a diffu- 
sion of iron outward through the scale. In this manner it is possible 
to explain, without assuming extraordinary properties for the oxide, 
the growth of scale about foreign objects placed on the surface of 
steel prior to scaling without disturbing their original position. 

While the mechanism by which continued oxidation occurs seems 
to be sufficient to account for the facts as known at present there is 


uN. B. Pilling and R. E. Bedworth, Journal, Institute of Metals, p. 529-83. 


“2p, P. Fedotjev and F. N. Petrenka, Journal, Russian Physical and Chemical Society 


Vol. 58, p. 222-8. Zeitschrift fiir Anorganische und Allgemeine Chemie, Vol. 157, p. 165-72 


2]. B. Pfeil, “The Oxidation of Iron and Steel at High Temperatures,” Journal 
Iron and Steel Institute, Vol. 119, Part I, 1929, p. 501. 
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relatively little information available concerning the various factors 
bearing upon scaling. Past investigations have suffered by being 
carried out under very restricted conditions, with the result that such 
isolated observations are very difficult to correlate in a useful manner. 


METHOD 


The methods followed in this investigation, which have aimed 
at a thorough study of the factors influencing scaling in the tempera- 
ture range 1000 to 2000 degrees Fahr. (540-1095 degrees Cent.), 
are in general quite similar to those used by Jominy and Murphy™ 
and by Murphy, Wood and Jominy"® in their studies of scaling at 
forging temperatures. The samples were heated in an electric tube 


cement og 


Fig. 1—Diagram of Electric Tube Fur- 
nace Used in this Investigation. 


furnace which contained a long, glazed porcelain tube, approxi- 
mately 2 inches in inside diameter. The furnace is shown in Fig. 1. 

It was found necessary in order to facilitate the control of the 
temperature of the furnace to bring the weighed sample to heat in 
a stream of purified nitrogen. When the temperature of the sample 
had apparently attained equilibrium with the furnace temperature, 
the nitrogen flow was stopped and the chosen atmosphere was intro- 
duced through the tube provided for that purpose at the rear of the 
furnace. Timing of runs was started the instant the nitrogen was 
turned off, and stopped after the proper period of exposure, when 
the nitrogen was again turned on and the flow of the chosen at- 
mosphere stopped. The sample was then immediately quenched in 
distilled water, stripped in an electrolytic cell and weighed. The loss 


_ MW. E. Jominy and D. W. Murphy, “Scaling of Steel at Forging Temperatures,” 
[ransactions, American Society for Steel Treating, Vol. 18, 1931, p. 19. 


- *D. W. Murphy, W. P. Wood and W. E. Jominy, “Scaling of Steel at Elevated 
iemperatures by Reaction with Gases and the Properties of the Resulting Oxides,” 
Transactions, American Society for Steel Treating, Vol. 19, 1931-32, p. 193. 
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in weight was expressed in terms of pounds per 100 square inches. [7% i 

The scale split off during quenching was filtered, dried and 
weighed, as was that split off in the electrolytic pickling. The 4 
pickling bath, a 10 per cent solution of sulphuric acid in distilled 4 obt 
water, was analyzed for iron, since some of the scale is dissolved 
in stripping. To maintain a check on the possible solution of the 
sample itself during stripping, a blank consisting of a previously 
stripped sample was suspended in the bath at the same time with 
the scaled sample. The final loss in weight could then be corrected 
by the amount of the change in weight of the blank. From the scale 
split off during quenching and stripping and the iron content of the 
bath the total weight of scale formed was obtained, and knowing 
this quantity it was possible to determine the percentage of the total 
scale split off during quenching which might be taken as an indica- 
tion of the adherence of the scale. The scale was also analyzed for 
free iron, ferrous iron and ferric iron by treating one sample of 
scale with neutral ferric chloride to dissolve free iron and by titrat- 
ing another sample of the same scale in sulphuric acid solution 
first for ferrous iron and then for total iron. 

The samples were 214 inches long and % inch in diameter, after 
machining and polishing with number 00 emery cloth. These were 
mounted on chromel A wire boats before placing in the furnace in 
order to keep the samples from touching the refractory tube. The 
analysis of the steel used in this research is as follows: C, 0.18 to 
0.20 per cent; Mn, 0.45 to 0.48 per cent; Si, 0.17 to 0.22 per cent; 
S, 0.03 per cent or less; P, 0.021 per cent or less. 


var 
dio 


mit 


a 
vo 


ma 
vali 
RESULTS i dec 
: due 
per 
ten 


The study of the various factors influencing scaling was accom- 
plished under atmospheres consisting of pure gases alone or in com- 
bination with nitrogen. In this way the effects of velocity, tempera- 
ture, time and partial pressure of the oxidizing gas have been con- 
sidered. The second portion of the investigation deals with oxida- 
tion under more complex atmospheres which consist of mixtures of 
carbon dioxide and steam or of gas-air combustion atmospheres, using 
various ratios of air to gas. 
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arbon dioxide, steam, oxygen and mixtures of the latter three with 
nitrogen. 

Effect of Variation of Velocity of Flow of Gas. The data 
obtained in the experiments in which the velocity of gas flow was 
varied are summarized in Fig. 2. In the case of air and carbon 
dioxide increasing the velocity of the gas stream from 0 feet per 
minute to about 1 foot per minute increases the scaling losses very 
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Fig. 2—Effect of Variation of Velocity of Gas Flow on 
Scaling of S. A. E. 1015 Steel. 


markedly. In fact the carbon dioxide curve attains its maximum 
value with rates of flow of about % foot per minute and gradually 
decreases with increasing velocity. This decrease may possibly be 
due to the fact that the gas stream does not attain the furnace tem- 
peratures and consequently effects a slight lowering of the surface 
temperature of the sample. The air curve does not attain its greatest 
value until a flow of 5 feet per minute is reached. 

The oxygen curve is interesting however because of the fact 
that there is no appreciable difference in scaling loss, between static 
conditions and a rate of flow of 10 feet per minute. The occur- 
rence of the hump in this curve at very low rates of flow may be 
attributed to the heat developed by the reaction which would tend 
to increase the surface temperature. Hence with somewhat greater 
rates of flow this heat may be dissipated to the gas stream, thus 
causing a drop in the scaling loss. 
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The steam curve is quite similar to the other three. It has been : 
pointed out by Murphy, Wood and Jominy"* that the type of curve . 
shown in this figure is a result of the diffusional nature of the process € 
of scaling. With very low rates of flow, except in the case of oxygen, 4 
the supply of the gaseous reagent is not sufficient to maintain the . 
oxidizing reaction at its maximum rate for the particular temperature FS 
and hence increasing the velocity which increases the supply of re- . On 
agent will tend to increase the amount of metal involved in scaling. : live 
However when the rate of supply becomes sufficient for the full per 
requirements of the oxidizing reaction no further increase in supply i 
could be expected to alter the amount of steel converted to scale. pes 
Effect of Variation of Temperature. In Fig. 3 the data are — 
summarized which were obtained when the temperature of exposure ‘ Tea 
was varied from 1000 to 2000 degrees Fahr. (540-1095 degrees , cam 
the 
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Cent.). Perhaps the most striking curves are those for air and 
oxygen which show marked changes at 1800 degrees Fahr. (985 
degrees Cent.). In the case of air, scaling actually decreases with 
increasing temperature from 1800 to 2000 degrees Fahr. (1095 de- 
srees Cent.), while on both sides of this region scaling increases 
with increasing temperature. In the case of oxygen the rate of in- 


1900 °F 


Fig. 4—Blister Formation on S. A. E. 1015 Steel in Oxygen 
Atmosphere. A—-Sample Blistered in Oxygen at 1850 Degrees 
Fahr., After Removal! of Scale. B, C, D—Samples Blistered in 
Oxygen, Scale Not Removed. 


crease of scaling with increasing temperature does not become nega- 
tive as with air but shows only a retardation of this rate with tem- 
peratures above 1800 degrees Fahr. (985 degrees Cent.). 


This break in the oxygen and air curves coincides with the ap- 
pearance of blistering of the samples. The blisters shown in Fig. 4 
are areas which have not been subjected in the same degree to scaling 
reactions as have the neighboring areas. This results in leaving 
raised portions of metal in a type of bas-relief. According to Pfeil’s 
theory, which has been supported by Murphy, Wood and Jominy, 
scaling occurs by the diffusion of oxidizing agent inward and by 
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the diffusion of iron outward. If either of these diffusional proc- 
esses were temporarily hindered in certain areas the rate of scaling 
would be decreased at those places. Quite possibly the blister forms 
at a point and gradually spreads as the oxidation of the primary 
FeO first formed by the reaction proceeds rapidly to Fe,O,. Since 
the specific volume of Fe,O, is greater than that of FeO it might 
be reasonable to expect that the scale in the regions rich in Fe,O, 
would have some tendency to buckle away from the sample. The 
diffusion of iron outward in these areas would be interrupted, thus 
diminishing the scaling rate at these points and creating blisters, 
The scale at these blisters should then be higher in oxygen than 
the surrounding areas which has been confirmed in some instances 
where comparative analysis was possible. Pfeil has established the 
fact that scale and iron can react to form a scale of lower oxygen 
content even when not actually in contact. The reaction is much 
slower than the normal reaction but in time it will renew the contact 
between the raised portion of scale and the metal, reéstablishing 
channels for the diffusion of iron and consequently the normal re- 
action rate. However in that period of time scaling has progressed 
normally in the surrounding areas which would then create the bas- 
relief pattern of the blisters. 

Other points of interest in the curves are the presence of a 
maximum in the carbon dioxide curve between 1300 and 1400 de- 
grees Fahr. (705-760 degrees Cent.) and a corresponding minimum 
somewhat above 1500 degrees Fahr. (815 degrees Cent.). Follow- 
ing this region of irregularity the scaling losses increase quite rapidly 
with increasing temperature, especially from 1800 to 2000 degrees 
Fahr. (985-1095 degrees Cent.). Water vapor produces the great- 
est scaling losses in the region 1300 to 1680 degrees Fahr. (705-915 
degrees Cent.), but at this point it is exceeded by oxygen. Water 
vapor again becomes more active than oxygen above about 1950 de- 
grees Fahr. (1065 degrees Cent.). The only region in which air is 
noticeably more active than water vapor is that between 1720 and 
1850 degrees Fahr. (935-1010 degrees Cent.). It might also be 
pointed out that between 1000 and 1300 degrees Fahr. (540-705 de- 
grees Cent.) there is little difference in the scaling losses resulting 
in the various gases and that the scaling in any event in the four 
gases is nearly inappreciable. 

In Fig. 5 is shown the effect of temperature on the average scale 
composition with respect to ferrous iron content. It will be seen that 
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» carbon dioxide curve has a pronounced maximum between 1300 and 
|400 degrees Fahr. (705-760 degrees Cent.), and a pronounced mini- 
mum at about 1500 degrees Fahr. (815 degrees Cent.), after which 
the ferrous iron increases regularly with increasing temperature. It 
will be noted that the maximum and minimum of ferrous iron con- 








tent coincide with the maximum and minimum of scaling loss in 
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Fig. 5—Effect of Variation of Temperature on Composition of 
Scale. 









carbon dioxide. The water vapor curve shows a slight irregularity 
in the neighborhood of 1800 degrees Fahr. (985 degrees Cent.), 
which is not evident in the scaling loss curve. 

The oxygen and air curves again present interesting features 
when viewed from the standpoint of ferrous iron content. In the 
temperature region 1200 to 1800 degrees Fahr. (650-985 degrees 
degrees Cent.) the ferrous iron in both cases increases with increas- 
ing temperature. Where blistering begins to be appreciable, at 1800 
degrees Fahr. (985 degrees Cent.), however, the tendencies are re- 
versed and ferrous iron decreases with increasing temperature up to 
approximately 2000 degrees Fahr. (1095 degrees Cent.), the de- 
crease in the case of air being much more marked than in the case 
of oxygen as was observed in the scaling loss curves. The decrease 
in ferrous iron content indicates that in this region a considerable 
portion of the scale is in a higher state of oxidation than FeO. It 
will be remembered that the explanation advanced for blistering in- 
volved the assumption that the areas of scale over blisters have higher 
oxygen contents than those surrounding the blisters. Consequently 
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an average sample of the scale from a blistered specimen should show 
a higher oxygen content coincidental with a lower ferrous iron con- 
tent than a sample of scale from a specimen free from blisters. The 
curves are excellent confirmation of the hypothesis. 


Effect of Variation of Tune 


The effect of variation of time on the scaling losses of S.A.E, 
1015 steel is shown in Fig. 6. In the case of water vapor, air and 
oxygen the rate of scaling decreases with increasing time. The de- 
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Fig. 6—Effect of Variation of Time on the Scaling 
Loss of S. A. E. 1015 Steel. 





















crease in the case of steam is very slight and at 1700 degrees Fahr. 
(925 degrees Cent.) the scaling in air is greater than that in steam 
for periods up to slightly over 2 hours while with times greater than 
2 hours the scaling losses in steam greatly exceed those in air. 

A comparison of the time curves for air at 1520 and 1700 de- 
grees Fahr. (825-925 degrees Cent.) shows that time becomes an in- 
creasingly important factor at higher temperatures. Likewise a 
somewhat similar situation exists in the case of carbon dioxide. 
Here however curves for 1380 degrees Fahr. (750 degrees Cent.) 
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lie above that for 1520 degrees Fahr. (825 degrees Cent.) because 





§ the presence of the maximum and minimum points in the tem- 





perature curve, Fig. 3. Above 1520 degrees Fahr. (825 degrees 






Cent.) it would be expected that increasing the temperature would 





also increase the importance of the time factor. At 1380 degrees 





Fahr. (750 degrees Cent.) two different tanks of carbon dioxide 





were used, differing chiefly in oxygen content. The curve resulting 
from Tank A having the greater oxygen content lies considerably 
above that for Tank B which shows the considerable effect of small 






amounts of impurities in gases on the scaling losses. 





Another point of interest is the difference between the form of 





the carbon dioxide time curves and those for the other gases. For 





some reason, possibly because of the small amount of scaling that 





occurs at these temperatures in carbon dioxide, the scaling rate is 





approximately constant at least up to 5 hours exposure. This may 





possibly indicate that certain thicknesses of scale are necessary be- 





fore the diffusional character of the scaling process becomes apparent 





by decreasing the scaling rate as time increases. The remaining 





curves in this series exhibit nicely the diffusional mechanism of scal- 





ing in that such a mechanism requires decreasing rates of oxidation 





with increasing thicknesses of scale which of course will occur with 





increasing time. 
Effect of Variation of Partial Pressure. The data obtained 
when the partial pressures of carbon dioxide, oxygen and water vapor 







in mixtures with nitrogen were varied, are summarized in Fig. 7. 





Oxygen and carbon dioxide show the greatest rate of decrease with 





decreasing partial pressure below 30 per cent. The scaling losses 





in the case of steam however fall off very uniformly between 80 per 
cent and 10 per cent steam. ‘The curves presented in this figure are 
compatible with the diffusional process which, of course, demands that 
decreasing the partial pressure of an oxidizing gas, decrease the scal- 







ing losses because of the decrease in supply of oxidizing agent to the 






active surface. 






Scaling in Complex Mixtures 





Before studying the oxidation of steel in gas-air combustion 
atmosphere a series of tests was made in which various proportions 
of carbon dioxide and water vapor were used. The preliminary 
investigation of scaling in gas-air combustion atmospheres was made 
by observing the scaling losses occurring in such atmospheres when 
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various ratios of air to gas were used at four different temperatures 
in the heat treating range. 


Scaling in Mixtures of Carbon Dioxide and Steam 


Fig. 8 is a graphical summary of the data obtained when various 
percentages of water vapor were added to carbon dioxide to form the 
scaling medium. Scaling is increased in a uniform manner as the 
water vapor content increases until the atmosphere contains 60 per 
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Fig. 7—Effect of Variation of Partial Pressure of Oxidiz- 
ing Gas on the Scaling of S. A. E. 1015 Steel. 


cent steam beyond which the increase in scaling losses brought about 
by increasing the water vapor content becomes rather small. Scaling 
in a mixture consisting of 80 per cent steam and 20 per cent carbon 
dioxide is as great as that in pure steam. This curve shows clearly 
that changes in the water vapor content of a combustion atmosphere 
have a very decided bearing upon the results obtained. Therefore 
slight changes in the original fuel gas composition may so alter the 
proportion among the various constituents of the products of com- 
bustion that decidedly different results may be obtained at the same 
gas-air ratio. 

The curve of Fig. 9 showing chemical composition of the scale 
as affected by mixtures of carbon dioxide and steam shows a variation 
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from about 58 per cent to 65 per cent ferrous iron when the carbon 
dioxide varies from 100 to 80 per cent. The changes in composition 
over the remaining portion of the curve are not extremely large and 
show only a gradual transition to the ferrous iron content of pure 
steam scales. This curve indicates that no marked change in chemi- 
cal composition of the scale is to be expected in the various gas-air 
combustion atmospheres where water vapor and carbon dioxide are 
the only oxidizing gases present. 


Scaling in Gas-Air Combustion Atmospheres 


Fig. 10 summarizes the data obtained when S.A.E. 1015 steel 
was subjected to various gas-air atmospheres containing from 0 to 17 
per cent carbon monoxide at 1500, 1600, 1700 and 1900 degrees 
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Fig. 8—Effect of Mixtures of Water Vapor and Carbon 
Dioxide on the Scaling of S. A. E. 1015 Steel. 


Fahr. (815, 870, 925 and 1040 degrees Cent.). The curves for 1500, 
1600 and 1700 degrees Fahr. (815, 870 and 925 degrees Cent.) show 
only a slight decrease in scaling losses as the carbon monoxide is 
increased from 4 to 17 per cent. The 1900 degrees Fahr. (1040 de- 
grees Cent.) curve is considerably higher than the 1700 degrees Fahr. 
(925 degrees Cent.) curve which would be expected from the charac- 
teristics of the temperature curves of the oxidizing gases, Fig. 3, 
steam and carbon dioxide. Furthermore this curve shows that the 
scaling losses decrease uniformly as the carbon monoxide is in- 
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creased from 0 to 12 per cent which was not the case at other tem- 
peratures. As the temperature of exposure to gas-air combustion 
atmospheres is increased the curves show that small amounts, up to 
4 per cent, of carbon monoxide have a decreasing influence on the 
scaling loss. 


For temperatures up to 1700 degrees Fahr. (925 degrees Cent.) 
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Fig. 9—Variation of Chemical 
Composition of Scale in Mixtures 
of Steam and Carbon Dioxide. 
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Fig. 10—Scaling of S. A. E. 1015 Steel in Different City 
Gas-Air Combustion Atmospheres. 


scaling losses can evidently be decreased markedly by the use of 
atmospheres containing 3 to 4 per cent carbon monoxide correspond- 
ing to gas-air ratios varying from 1 gas to 4.5 air to 1 gas to 4 air. 
At a temperature of 1900 degrees Fahr. (1040 degrees Cent.) a 50 
per cent reduction in scaling is attained with an atmosphere contain- 
ing 7 per cent carbon monoxide while 12 per cent carbon monoxide 
decreases the scaling losses about 80 or 90 per cent. Depending on 
the work such large excesses of gas might or might not be economi- 
cal. Increasing the temperature 200 degrees Fahr. in atmospheres 
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which indicates that when operating furnaces with such atmospheres 
unnecessarily high temperatures are to be avoided if scaling is to be 
kept as low as possible. 


SUM MARY 


During the course of the presentation of results various theories 
have been advanced and certain conclusions drawn. These may be 
briefly summarized as follows: 

1. Increasing the velocity of the gas stream in the region below 
5 feet per minute, except in the case of oxygen, increases the scaling 
losses. Above 5 feet per minute velocity has little effect upon scal- 
ing losses. In the case of oxygen velocity has very little influence 
on scaling losses in any region. 

2. Below 1300 degrees Fahr. (705 degrees Cent.) there is 
little difference in the scaling action of steam, carbon dioxide, oxy- 
gen and air. From 1300 to 1680 degrees Fahr. (705-915 degrees 
Cent.) water vapor is the most active oxidizing gas. From 1680 
to 1980 degrees Fahr. (915-1080 degrees Cent.) oxygen is most 
active and above 1980 degrees Fahr. steam again becomes the most 
active. Air is more vigorous in scaling steel than is steam in the 
region 1720 to 1850 degrees Fahr. (935-1010 degrees Cent.). Car- 
bon dioxide for the most part is less powerful than any of the other 
oxidizing gases. 

3. The carhon dioxide temperature curve shows a maximum 
in the neighborhood of 1400 degrees Fahr. (760 degrees Cent.) and 
a minimum near 1500 degrees Fahr. (815 degrees Cent.). The air 
curve shows a maximum at 1800 degrees Fahr. (985 degrees Cent.) 
and a minimum at 2000 degrees Fahr. (1095 degrees Cent.). The 
oxygen curve shows a change of slope at 1800 degrees Fahr. (985 
degrees Cent.). 

4. Blistering was first noticeable at 1800 degrees Fahr. in air 
and oxygen and the decrease in rate of scaling observed in these 
curves at this temperature is attributed to blistering. This phenome- 
non may be explained on the basis of Pfeil’s hypothesis concerning 
the inward diffusion of oxygen and the outward diffusion of iron. 
Blistering above 2000 degrees Fahr. (1095 degrees Cent.) apparently 
either does not occur or has but little influence on scaling rates. 

5. The composition of the scale with respect to ferrous iron 
shows practically the same effects upon variation of temperature as 
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do the scaling losses. Minima are characterized by low ferrous iron oil 


and maxima by high. thei 
6. Increasing time increases the scaling losses but does so ata [|™ rate 
decreasing rate except in the case of carbon dioxide. Carbon dioxide [7 the 
shows a practically constant rate of scaling. ia = 
7. Decreasing the partial pressure of oxygen, steam, or carbon | a 
dioxide by mixture with nitrogen decreases scaling losses. . eit 
8. Adding water vapor in increasing amounts to carbon diox- 4 the 
ide increases scaling losses until the atmosphere contains about 80 [4 ws 


per cent water vapor, after which there is no marked increase. 

9. For temperatures up to 1700 degrees Fahr. (925 degrees re 
Cent.) gas-air combustion atmospheres show only a slight decrease a fo 
in scaling losses as the carbon monoxide is increased from 4 to 17 per : i 
cent. The decrease in scaling from 0 to 4 per cent carbon monoxide 
is quite decided, amounting to 50 per cent or better. 

10. At higher temperatures scaling losses are decreased rather 
uniformly by increasing the carbon monoxide content from 0 to 12 
per cent and beyond this very slowly. 

11. Up to 1700 degrees Fahr. (925 degrees Cent.) furnaces 
operating with 3 to 4 per cent carbon monoxide should produce very 
little scale. 
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DISCUSSION 


Written Discussion: By H. H. Ashdown, metallurgist, Westinghouse 
Electric and Manufacturing Company, East Pittsburgh. 

This paper under review and that submitted by one of the present authors 
and his collaborators presented before this society at the Boston convention 
are deserving of careful thought and attention by all steel mill executives. For 
far too long a period of years it has been taken for granted that scale must 
be incidental to the process of heating at elevated temperatures. 

Until recent years, comparatively little attention has been given to the 
enormous financial losses resulting from the loss of steel and subsequent heavy 
costs in descaling for the production of good finished surfaces on cold-rolled 
sheet, strip and bar stock, in addition to which also must be added the heavy 
expenditure on cutting tools, etc., when machining badly scaled materials, 
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‘articularly forgings of the heavy types which have scale deeply embedded in 
theit surfaces. Again, in the high carbon and chromium alloy steels, where the 
rate of scaling is more rapid and in the latter case more difficult to remove, 
the loss and expense are relatively greater. Further, additional heavy losses 
are incurred in the engineering shops and heat treatment departments where 
stock has to be machined to remove the decarburized surfaces and when only 
partially removed, tools during subsequent heat treatment crack, distort or 
vive nonuniform hardness on wearing surfaces. From these reasons alone 
the authors, for focusing attention on them have rendered the steel industry 
a valuable service. 

There are a number of phases in this paper which offer wide scope for 
consideration and discussion. In the lower range of heats, say up to 1600 
degrees Fahr., which would cover the heat treatment on a wide range of steels 
for annealing or quenching treatments, it is questionable whether the controlled 
furnace atmospheres, by dilution of the active gases and retarding combustion 
would not slow down the rate of heat penetration and under those conditions 
the restricted rate of output may offset the saving due to actual oxidation. The 
subsequent losses, however, already referred to must not be lost sight of. 

Electrically heated furnaces as commercial units are being rapidly devel- 
oped and installed in plants for bright annealing and again for more general 
heat applications where the heat input can be, at any desired rate, and at the 
same time any desired reducing or neutral atmosphere maintained so that 
under these conditions production is not restricted and scaling reduced to a 
minimum. 

For the higher temperature ranges such as may be employed for the heat 
treatment of some of the stainless steels and forgings generally it would, from 
the authors’ paper appear that considerable economic advantage might be 
gained by soaking the materials between 1800 and 2000 degrees Fahr. both 
during initial heating or during any enforced holding periods where the scal- 
ing rate is at its minimum and subsequently rapidly raising the temperature 
to the desired forging heat. 

On reference to the curves in Fig. 2, one surprising feature is the low 
and constant rate of oxidation in an atmosphere of oxygen when compared 
with air under increasing velocity. Although this is again borne out in Fig. 
6 on the time-temperature curves, one would almost expect a reversal of those 
curves due to the diluting influence of the nitrogen in the air atmosphere. 

The curves in Fig. 3 also are of great interest, showing the abrupt arrest 
of oxidation at 1800 degrees Fahr., which the authors well define as being the 
transition point of FeO to Fe.O;. In this connection I would ask the authors 
if they have noted any marked difference in the readiness of the scale to leave 
the material in the form of either FeO or FeO; or at the transition point 
around 1800 degrees Fahr. The knowledge of a free method of descaling 
such as indicated would be invaluable to the steel mills. 

There are many other economical advantages which are deserving of close 
study and practical application, such as furnace atmospheres, pressure and 
heat flow, all of which would involve considerable discussion, but which, in 
most cases, can be carefully thought out and applied with good effect. 
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[ would again express my personal appreciation of the value of this paps 

Written Discussion: By O. W. McMullan, metallurgical department, 
Timken-Detroit Axle Co., Detroit. 

This paper is one of practical interest to every heat treater of steel. A 
comparison of the curves in Fig. 3 for carbon dioxide and air shows the ten- 
dency toward much greater scale loss with excess air from improper burner 
operation above 1500 degrees Fahr. The use of air as a cooling medium to 
hasten certain annealing operations from 1700 or 1800 degrees Fahr. to around 
1300 degrees Fahr. can be expected to show much greater scale loss than that 
occurring from ordinary combustion gases. Fig. 10 shows that carbon mon- 
oxide is apparently more effective in reducing scale loss than in preventing 
decarburization; around 17 per cent having been reported as necessary for the 
latter. (Winter in Metal Progress, Sept., 1931) 

Might not the greater specific volume of Fe;O,, together with its lower 
iron content, give a thicker scale and therefore greater protection for the same 
iron loss? The explanation of protection by blistering is an interesting one 
and the writer would like to ask if any observations have been made of loss 
from purposely produced fluffy scales. This is quite commonly done by dipping 
in dilute HCl before hardening. No checks have been made of the actual 
loss, but the scale appears as thick as ever but looser and much more readily 
removed. Reduction in scale loss might be accomplished by some such method. 
A blistered surface in such cases as unground gear teeth would, however, be 
a greater disadvantage than a greater uniform loss because of lapping diffi- 
culties and resulting noise. 

Written Discussion: By W. E. Jominy, Research Laboratories, A. O. 
Smith Corporation, Milwaukee. 

This paper contains much useful information which can be applied in in- 
dustry and will bear careful studying on the part of those who heat steel in 
the range from 1000 to 2000 degrees Fahr. The authors are to be congratulated. 

Of particular interest to industry are the results showing the amount of 
scale produced in various gas-air combustion atmospheres. It appears that at 
1500 degrees Fahr. very little reduction in scaling rate occurs in city gas-air 
combustion atmospheres when the carbon monoxide content is increased from 
0 to 16 per cent, and from the nature of the curves it seems a safe assumption 
that this would be true for temperatures below 1500 degrees Fahr. The ques- 
tion which comes to my mind is whether there is a sharp increase in the scaling 
rate if a small amount of free oxygen should be present, as is the case at forg- 
ing temperatures. As is well known, in operating a gas-fired furnace for best 
fuel economy, it is desirable to maintain an atmosphere as nearly free from 
carbon monoxide and oxygen as possible. The atmosphere of a furnace so 
fired, however, will often contain a small amount of either gas (carbon mon- 
oxide or oxygen) and, for this reason, it would be very helpful to know whether 
good scaling resistance would still exist with a small amount of free oxygen, 
say, 1 per cent, in the atmosphere. 

An additional reason for wishing to maintain a furnace atmosphere with 
no oxygen or carbon monoxide is the decided decrease in decarburization in 
such an atmosphere compared with that in one containing 2 per cent carbon 
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jonoxide. In the case of decarburization, a small excess of free oxygen has 
. slightly favorable effect, but an increase in carbon monoxide percentage over 
one per cent and up to 15 per cent causes an increase in the depth of decar- 
hurization at temperatures in the range of 1400 to 1600 degrees Fahr. Of 
course, my tests on decarburization were carried out on high carbon steels 
which might behave differently in their scaling reactions than the S.A.E. 
1015 steel used by the authors. Have the authors any data on the behavior 
of the high carbon steels in gas-air combustion atmospheres ? 

The curves showing the effect of variation of temperature on the scaling 
rate in air and oxygen are quite surprising. The finding that the decrease in 
scaling rate at increasing temperature corresponds with decrease in ferrous 
iron content of the scale suggests that perhaps other steels will behave differ- 
ently. At forging temperatures it was observed that scale produced in air 
from high carbon steels contained more ferrous iron than that produced from 
low carbon steels. If the carbon content of the steel affects the ferrous iron 
content of the scale, it seems logical that it may also affect the points at which 
the change in rate of scaling oecur, or possibly eliminate them. I hope the 
authors will find time to investigate this point if they have not already done so. 

Another point of importance in connection with scaling is the adherence 
of the scale to the piece. Certain types of scale seem to shed completely during 
quenching while others adhere very tightly. This is especially true of oil 
quenching. The tightly adhering scale not only causes soft spots but difficulty 
in its removal after quenching, so that usually a thicker, easily-removed scale 
is preferred to a thin, tightly-adherent one. So far as I know, there are no 
accurate data available on this subject, and I wonder whether the authors 
have made any observations of this phenomenon. 

Sam Tour: The authors are to be congratulated for a very interesting 
paper, indeed. They have given us considerable detailed data that will be of 
use in time to come. I would like to point out, however, that all of their work 
has been done on S.A.&. 1020 steel, which is not the steel which many of us 
heat treat so much. I would like to know if they can tell us whether these 
same curves are applicable to 1 per cent carbon tool steel, to a 0.50 per cent 
carbon alloy steel, etc. I do not think that they are. 

Again, one of the important things to consider in heat treating work, es- 
pecially on carbon tool steels, is not the question of scaling so much as it is 
the question of decarburization. We often think of scaling and decarburiza- 
tion as being connected, but that is not necessarily so. 

The main problem in an oil hardening type of tool steel is the problem 
of soft skin or decarburization. If we were to go by these curves, we would 
come to the conclusion that such a steel is best heated in an atmosphere con- 
taining a certain percentage of carbon monoxide. 

Actual tests in controlled atmosphere furnaces of the “Certain Curtain” 
type have indicated that the oil hardening type of tool steels being heat treated 
at a temperature of around 1500 degrees Fahr. will come out with a soft skin 
if an atmosphere containing carbon monoxide is used. 

A tool full hard to the surface with no soft skin results when the atmos- 


*Vice-president, Lucius Pitkin, Inc., New York City. 
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phere in which it is heated contains somewhere in the neighborhood of 3 , 
cent of oxygen, 10 to 12 per cent of carbon dioxide and no carbon monox; 
That is not something that you could deduce from the curves which the authors 
have shown, and I would like to see the authors repeat their work, using oj 
hardening tool steel and plain carbon water hardening tool steel. 

One point which should be brought out is the very active properties of 
traces of sulphur gases in the furnace atmosphere. 

In the heat treatment of stainless steel, for example, traces of sulphur 
gases seem to cause decided scaling at temperatures around 1800 degrees Fahr. 

We have found that sulphur in cutting oils, etc., remaining on the work 
caused scaling of stainless steel. At 1800 degrees Fahr. this steel heat treats 
nicely without scaling, in an atmosphere containing 10 per cent oxygen, if it 
is kept thoroughly clean of sulphur carrying oils and if the gases do not have 
sulphur in them. 

R. J. Cowan:’ The authors of this paper have given us a lot of additional 
information regarding the effect of atmospheres on metal surfaces. We can 
never have too much information of this kind, especially when it is obtained 
by careful experimentation under definitely controlled conditions. The authors 
are to be congratulated on this fine piece of work. 

One point which should be brought out is the very active properties of 
tion to the reaction that takes place between carbon and carbon dioxide in the 
furnace atmosphere, and has suggested the use of a carburizing compound for 
that purpose. A very satisfactory way to introduce carbon is by means of a 
gaseous atmosphere. By this means, a very definite control can be main- 
tained and very satisfactory results produced. A very successful development 
has been carried on along this line, and I believe it is quite in harmony with 
what our attention has been called to, especially the reaction between carbon 
and carbon dioxide. By such a means it is possible to raise the temperature 
of metal to well over 2000 degrees Fahr. without scaling the work. This is being 
done regularly, and while it is a sidelight on the work that the authors have 
done in connection with gas atmospheres, I believe it is along the right line, 
and represents an attempt by industry to approximate as closely as possible 
the ideal conditions outlined by the authors. 

N. E. WotpMan:* The authors should be highly complimented for their 
great contribution to our much needed knowledge on the subject of scaling 
of steel at heat treating temperatures. Such contributions added to the re- 
searches on the bright annealing of steels will soon eliminate the worries and 
trouble of the practical heat treaters and metallurgists. 

Scaling of steel has six harmful effects: 

(a) It causes nonuniform hardness and produces soft spots in quenching 
from the hardening temperature. 

(b) It removes metal from the surface of the heat treated article and 
necessitates stock allowance in machining. 

(c) It frequently necessitates an extra manufacturing operation, such as 
wire brushing, sand blasting, grinding or pickling, which in itself is costly. 
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(d) It causes nonuniform shrinkage of the steel on quenching. Just as 
e hot steel touches the quenching liquid part of the scale breaks off, but 
‘art adheres to the steel in spots. This will cause nonuniform cooling rate 
and subsequent nonuniform shrinkage or distortion that was not calculated. 

(e) The scale falls to the bottom of the quenching tank and may clog 
the pump circulating system. 

(f) In grinding off the scale the grinding wheels tend to become loaded 
with the scale and tend to burn the ground steel surface with subsequent 
danger of producing grinding cracks. 


There are several ways of decreasing scaling in gas-fired furnaces; 
namely, by introducing a diluting inert gas with the products of combustion, 
by regulating the gas-air mixture in the burners so as to produce a neutral 
or reducing atmosphere, or by drying the air and gas before entering the 
burners. Drying the air and gas before entering the furnace burners is 
costly. Introducing a diluting inert gas as nitrogen is also costly. To 


regulate the burners so as to produce a neutral or reducing atmosphere is 
undesirable due to the decreased combustion efficiency. 

If competitive prices must be met in the sale of the heat treated products, 
it is very essential that manufacturing costs be kept to the minimum. This 
means that an economical method must be found to either decrease or en- 
tirely eliminate scale formation in the heat treatment of steel products. We 
have found that in the heat treatment of gears and springs in gas-fired fur- 
naces, scaling can be decreased to a negligible value by placing a layer of 
spent carburizing compound in front of the hearth behind the furnace doors. 
The carbon will combine with the oxygen in the furnace to form carbon 
monoxide and carbon dioxide. Carbon dioxide is unstable and cannot exist 
at heat treating temperatures due to its reaction with carbon to form carbon 
at heat treating temperatures due to the reaction C + CO. = 2 CO. 

Thus a partial atmosphere of carbon monoxide is economically introduced 
into the furnaces which we have found decreases scaling as much as 50 per 
cent if not more. The authors point out in their curves that an addition of 
(} to 4 per cent carbon monoxide to gas-air combustion atmospheres decreases 
scaling as much as 50 per cent or better. 

By this simple expedient of placing a layer of spent carburizer compound 
behind the doors of the furnaces we have eliminated soft spots and have been 
able to obtain a uniform hardness in hardening pinions, gears and springs. 


Authors’ Closure 


Mr. Ashdown has suggested the possibility of utilizing the reversed rate 
of scaling in the temperature range 1800 to 2000 degrees Fahr. as a means 
of minimizing scaling in handling of certain steels. The reversal, which is 
shown in Fig. 3, is as far as we know limited to an air atmosphere and has 
been checked only for the low carbon steel. There seems little possibilty 
however that similar reversals should be expected in combustion atmospheres 
carrying at most only small percentages of oxygen. The reversal indicated 
for air and the retardation observed for oxygen, as compared to the rather 
constant rate of increase in scaling for water vapor and carbon dioxide over 
the same temperature have, it is believed, a definite bearing on the mechanism 
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of blistering. It is not the intention of the authors to indicate 1800 deg 


es 
Fahr. as a transition point of FeO to Fe.O; but rather as a point at which 
increasing proportions of Fe.Os; are formed. Studies of the percentages of scale 
retained on quenching have not indicated any great difference in the readiness 
of the scale to split off at or near 1800 degrees Fahr. 


What perhaps appears as a discrepancy in the curves of Fig. 2 for scaling 
rates of air and oxygen as affected by the rate of flow is explained when one 
observes that the air curve is for 1700 degrees Fahr. and the oxygen curve 
for 1520 degrees Fahr. Unfortunately in attempting to reduce the number of 
figures by using two sets of coordinates, the relative scaling rates are not in- 
dicated by the positions of all of the curves of Fig. 6. The ordinate values 
for the oxygen curve at 1520 degrees Fahr. are to be multiplied by 10. The 
diluting influence of the nitrogen in the air then becomes evident. 

Mr. Tour and Mr. McMullan have very properly pointed out that 
decarburization as well as scaling must be given consideration in any study of 
the effects of furnace atmosphere. However, in the present investigation, the 
authors were primarily interested in scaling rather than in decarburization, 
Jominy had previously reported an investigation of decarburization of stee! 
at heat treating temperatures (Engineering Research Bulletin 18, 1931) which 
was carried out in these laboratories. In order to avoid the introduction of 
decarburization effects to any greater degree than was necessary a low car- 
bon steel was chosen for the fundamental or basic part of the investigation. 
The material presented in this paper has been restricted to this phase of the 
work and consequently data on the behavior of medium or high carbon steels 
or alloy steels do not appear. Work, however, has been carried out on these 
other steels and it is expected that the results will be published in the near 
future. The importance of sulphur in the furnace atmosphere is appreciated 
and one phase of this work was reported on by one of the authors at this meeting.’ 

Mr. Jominy has raised a number of questions in connection with the 
problem of scaling. Some of these questions anticipate results that were ob- 
tained inthe second part of our program and which were not included in the 
present paper. This is perhaps to be expected in that the present investiga- 
tion is an outgrowth of the study of scaling at forging temperatures made by 
Mr. Jominy and Dr. Murphy. While runs have not been made at 1500 
degrees Fahr., tests at 1700 degrees Fahr. indicate that small percentages of 
free oxygen result in rapid increases in the rate of scaling. Further investi- 
gations of the retarded rates of scaling in oxygen and air are being carried 
out, but so far no information pertaining to the relation of the carbon con- 
tent of the steel to the ferrous iron content of the scale have been obtained. 
The authors have no information bearing on Mr. Jominy’s suggestion relative 
to the effect of the quenching medium on the physical character of the scale 
or to Mr. McMullan’s suggestion relative to the effect of pretreatments. 

The authors are indebted to Dr. Woldman for his enumeration of the 
harmful effects of scaling and to both Dr. Woldman and Mr. Cowan for 
pointing out methods of obtaining the beneficial effects due to the presence of 
carbon monoxide in the furnace atmosphere. 


“Behavior of Steel in Sulphur Containing Atmospheres at Forging Temperatures.” 
Preprint No. 6. 
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THIN STRIP STEEL FOR DEEP DRAWING 
By H. T. Morton Aanp Il. A. RUMMLER 


Abstract 


In this paper the authors discuss the various tests 
applied to thin strips of hot and cold-rolled steels used for 
deep drawing operations. They show that the same kind 
of tests apply for both steels but the limits are slightly dif- 
ferent. Good hot-rolled steel should have a Rockwell 
hardness, B scale, of 45 to 62 and should not crack, 
roughen, or break during an 180-degree bend test. Cold- 
rolled steel should Rockwell B35 to B55, should not crack, 
roughen, or break in an 180-degree bend test flattened out 
again, and should have a bright surface free from defects. 


INTRODUCTION 


HIS paper deals with the testing and writing of specifications 
§ greta thin strip steel (0.062 inch and under) for deep drawing 
purposes such as ball and roller bearing retainers, bands, etc. These 
data are of special interest to the small user of this type of material 
who is not equipped with an Erichsen or similar cup-forming testing 
machine and must rely upon more simple methods of testing. The 
whole purpose in formulating tests of steel is to determine whether 
the steel will work in a given deep drawing operation without actually 
setting up the presses to form the parts. Thus a shipment of steel 
can be tested and accepted upon arrival at the plant without altering 
the production schedule of the presses for months, if not required in 
process. It is assumed that the mechanical engineer, toolmaker, and 
mechanic have overcome the difficulties of die design and machine set- 
up so that only the testing and the correlation of these results with 
production results are here considered. 

The four types of deep-drawn parts studied are shown in Fig. 1. 
A isa roller bearing cage; B an angular contact ball bearing retainer ; 
C a thrust bearing band; and D a ball bearing retainer. There are 
slight differences in the type of material and the test tolerances used 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The atithors are members of the 
Society. H. T. Morton is metallurgist and I. A. Rummler is assistant metal- 
Dae for the Hoover Steel Ball Co., Ann Arbor, Mich. Manuscript received 
June 8, 1931. 
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Fig. 1—Formed Parts Considered in this Paper. (A) is Roller Bearing Cage; (B) 
an Angular Contact Ball Bearing Retainer; (C) a Thrust Bearing Band; (D) a Ball 
Searing Retainer. Full Size. 


for each but the test methods and principles involved are the same for 
all. Actual differences will be shown in detail later. 


The steel under consideration is purchased in the form of strips 
varying in thickness from 0.025 to 0.062 inch and in width from 1% 


to 5 inches. It is made in large open-hearth furnaces under careful 
control to eliminate pipes, slag, inclusions, and internal defects. For 
the roller bearing cages (Fig. 1A) standard hot-rolled steel is used. 
For all other parts the steel is cold-rolled to size after the regular hot 
rolling operations, and annealed below the critical temperature to ob- 
tain the proper hardness and relieve any rolling strains. Both materials 
have the following analysis range, corresponding to S.A.E. 1010: 


Per Cent Per Cent 
Carbon 0.05 to 0.15 Phosphorus under 0.045 
Manganese 0.30 to 0.60 Sulphur under 0.055 
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This work was first begun five years ago by making laboratory 
‘ests on each shipment of steel, keeping it separate through the press 
operations, and reporting to the laboratory as to results in production. 
Soon a correlation was found between good production results and 
the following laboratory tests: Rockwell hardness, B scale; bend 
tests; microstructure ; surface conditions, etc. Without repeating the 
work chronologically, the types of tests and effects are given. 


RocKWELL HARDNESS 


This test is of greatest importance in order to get parts of uni- 
form size from the dies, as Rockwell hardness has a direct relation- 


Fig. 2—A Thrust Bearing Band Scratched on the 

Surface from Metal “loaded-up” on the Die. Natural 

Size. 
ship to the tensile strength, and an increase in the latter tends to cause 
the parts to flatten out or “spring back” to their original shape after 
release from the dies.'. Thus a range of Rockwell hardness, B scale, 
must be adopted in order to get uniformity of parts from the same 
shipment or successive shipments. 

Production results showed that an increase in hardness beyond 
certain limits caused cracking of the parts at the edge of the bend 
with no definite relationship to the dies or the direction of rolling 
of the steel. A decrease in hardness below certain limits almost elim- 
inated “‘spring-back” and made the steel “dead,” but was detri- 
mental in “loading-up” the dies with metal, thereby causing them 
to badly scratch parts which were subsequently formed as shown in 


Hig. 2. Such dies would have to be re-polished as soon as they 


“loaded up.’”” Several types of lubricating oils have been tested and 
are effective in decreasing this “‘loading-up” of metal on the dies. 


'W. H. Graves, “Sheet Steels for Automobiles,’ Journal, American Society for Testing 
Materials, 1930. 
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Fig. 3—Bend Test Specimens Flattened Out. The Left (A) 
is Satisfactory in this Test. The Right (B) is Cracked on the 
Inner Surface. Natural Size. 


Careful comparison of production results with Rockwell hard- 


ness values (B scale, 100-kilogram load, ;'s inch ball) indicates the 


following limits are most satisfactory for the parts formed: 


Cold-rolled steel Hot-rolled steel 
35 to 55 45 to 62 


To obtain these hardness values the cold-rolled steel is given a final 
low temperature anneal after rolling to correspond to “dead soft” 
steel, while the hot-rolled steel is finished at proper temperature and 
slowly cooled without subsequent annealing. 


BEND TEST 


Many of the larger companies employ Erichsen or similar cup- 
forming testing machines which combine a bend test, hardness test, 
elongation test, and surface test in one operation. If this equipment 
is not available, a method of bend testing can be used. Most com- 
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Fig. 4—Bend Test Specimens. 
The Left (A) is Satisfactory in this 
Test. The Right (B) is Roughened 
on the Surface Due to Grain Growth 
from ‘“Recrystallization.”’ Natural 
Size. 


final 
oft” 
and Rie ee de 
Fig. 5—NMicrostructure of a Hot-rolled Strip Badly De- 
carburized on the Surface. It also Showed Surface Roughen 
ing as in Fig. 4. Etched 70 seconds in 2 per cent nital. 
Magnification * 100. 


panies? recommend an 180-degree bend of test specimens (6 inches 
long by 1 inch wide) upon themselves or upon material of equal 


cup- 
test, 


ment “Tentative Specifications for Cold-Rolled Strip Steel,” American Society for Testing 
: Materials Designation A 109-27T issued 1926 revised 1927 in American Society for Testing 
com- Materials Tentative Standards, October, 1930, page 30. 
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thickness to the test specimens. Transverse test specimens are | 
inch wide and of length equal to the width of the strips. Thi 
method of testing is satisfactory for the hot-rolled steel and requires 
that neither transverse nor longitudinal specimens break, crack, or 
show undue roughening of the surface. 

For all other parts made of cold-rolled steel the transverse and 
longitudinal specimens must be bent 180 degrees upon a strip of equal 
thickness and straightened out flat without causing the inner surface 
to break, crack, or show undue roughening. At least six (under 0.5 
per cent) strips are tested from every shipment. Satisfactory and 
cracked bend test specimens are shown in Fig. 3. Specimens of typi- 
cal smooth and rough surfaces are shown in Fig. 4. 


MICROSTRUCTURE 


Only in cases where trouble is encountered is the steel examined 
for microstructure. Where the surface roughens during the bend 
test, the structure (etched 70 seconds in 2 per cent nital) generally 


shows grain growth. Two causes of this grain growth have been 


Fig. 6—Two Formed Bands Showing a Good Shear at the Left and an Ir- 
regular Shear at the Right, Caused by the Strip Being too Hard or too Thick at 
its Center Compared to its Edges. Natural Size. 
found, namely, decarburization and “recrystallization during anneal- 
ing of cold-worked steel.” A photomicrograph of decarburized struc- 
ture of hot-rolled steel is shown in Fig. 5. Recrystallization is simi- 
lar in structure except that instead of the thin boundaries of pearlite, 
large grains of pearlite are found between the large grains of ferrite. 


[RREGULARITY OF EpGE AFTER FORMING 


Many formed parts have a smooth enough edge that they can be 


used without trimming, while others are quite irregular as shown in 
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Fig. 6. Production results indicate that the latter condition is found 
more often on parts made from cold-rolled steel than from hot-rolled 
steel. Two factors were found to increase this irregularity of the 
edge, namely: having the centers of the strips harder or thicker than 
the edges. Safe limits for these two items are: maximum variation 
in Rockwell hardness across a strip, 5 points; maximum variation in 
thickness across a strip, 0.002 inch. 


SURFACE CONDITIONS 


A small percentage of strips from each shipment should be ex- 
amined for surface conditions, size tolerances, and internal defects 
to make certain that the finished parts will have the desired bright 
finish. Such defects may be listed as: dark areas; seams; pipes; 
handling defects; and variation in tolerance. 

Dark areas—These spots may originate from any of several 
causes, such as: excessive scale on the hot-rolled steel; insufficient 
pickling ; oxidation during annéaling ; and low spots on the hot-rolled 
strips. Their effect is to leave an irregular color on the finished parts, 
not removable without an extra amount of tumbling or added opera- 
tions. These causes can be corrected by experienced mill operators. 

Seams—Seams generally originate in the hot mill and are not 
removed during the cold rolling. An experienced inspector is needed 
to find them on rolled strips. Lack of detection weakens the parts 
and may cause a iarge number of split or broken parts. 

Pipes—The cause and effects of pipes need no comments. Detec- 
tion can be accomplished by examining the sheared ends of the strips 
or by bending a short sample cut from the ends of the strips. 

Handling defects—Where the quality of the finished parts re- 
quires a smooth surface free from dirt, roughness, and uniform in 
size, the steel must be handled carefully at the mill, in transit, and in 
production. Slight scratches, pits, laminations, indentations, etc., will 
pick up dirt and hard gritty material, thereby increasing these defects 


and causing size and surface irregularities during the forming opera- 


tions. Sometimes this foreign matter will be imbedded deep enough 
in the metal to require an added cleaning operation. Thus scratched, 
rough, or dirty strips and shipments should be cleaned or scrapped to 
prevent trouble. 

Size tolerances—Variations in thickness cause irregularities of 
the sheared edge of formed parts and such steel must not vary more 
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than 0.002 inch across a strip. 
depends upon the limits of the finished parts. 


February 


Allowable variation between strips 
Standard mill toler- 


ances apply for most parts, namely : 


Widths 


Thickness ly 


(Inch) Inch 


0.050 to 0.075 
0.035 to 0.049 
0.031 to 0.034 
0.020 to 0.030 


+ 0.002 
+ 0.002 
+0.0015 
+ 0.0015 


Cold-Rolled Steel Hot-Rolled Steel 


2 to 4 4 to 6 3% inch and 
Inch Inch under 


= 0.004 


+0.002 
+-0.002 
+0.002 
+ 0.0015 


+ 0.003 
+ 0.002 
+0.002 
+ 0.002 


SPECIFICATION FOR CoLpD-ROLLED STEEL 


All of the parts here discussed can be made from the same type 


of cold-rolled steel, which would meet the following requirements : 


Analysis 

Rockwell hardness, B scale 
Rockwell hardness variation 
180-degree bend, flattened out 
Structure 

Surface 

Size tolerance 


>.A.E. 1010 


5 points maximum within a strip 

No cracks, breaks, or roughening 

Free from grain growth 

Clean and bright 

Standard mill limits, not exceeding 0.002 inch 


SPECIFICATION FOR Hot-ROLLED STEEL 


Analysis 

Rockwell hardness, B scale 
180-degree bend test 
Structure 

Surface 

Size tolerance 


S.A.E. 1010 

45 to 62 

No cracks, breaks, or roughening 
Free from grain growth 

Pickled and oiled 

Plus and minus 0.004 inch 


SUMMARY 
The essential points in this paper can be summarized as follows: 


1. Suitability of steel for deep drawing purposes can be de- 
termined accurately by laboratory tests. 
For uniformity of size of formed parts, definite limits of 
Rockwell hardness must be adopted. 
Bend tests give accurate information on the drawing qual- 
ity and structure of this steel. 
Each strip of steel must be uniform across its surface for 
hardness and thickness to obtain a smooth edge on parts. 
Inspection of small percentages of shipments for surface 
conditions insures uniformity of finished parts. 
Typical specifications for steels are given. 
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DISCUSSION 


Written Discussion: By L. C. Miller, metallurgist, Republic Steel Corp., 
Detroit. 

We wish to commend the authors of this paper for their thorough in- 
vestigation and their clear presentation of results obtained. Both have had 
excellent opportunity to study the problem they have discussed in their paper. 

We wish to confine our remarks primarily to that part of the authors’ 


paper referring to hot-rolled strip. Considerable care by the mill is abso- 
lutely necessary in processing either hot or cold-rolled low carbon strip steel 
in order to insure satisfactory deep drawing qualities, and then correct dies 
and drawing lubricants must be used by the manufacturer or defective stampings 
will result. 


Regardless of whether the material is alloy or carbon steel, uniformity 
of analysis is of first importance and, obviously, such defects as pipe and seg- 
regation, or surface seams and laps, will probably cause stampings to split. 
Rather close tolerance size is necessary so that stampings do not bind in the 
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die, causing tearing of metal, or split dies. Proper lubricant used in the dies 
is of considerable help in preventing tearing of metal, and even splitting of 
parts, such as bearing cups. 

In particular reference to 0.08 to 0.12 per cent carbon, 0.30 to 0.50 per 
cent manganese, hot-rolled strip steel, approximately 0.250 inch thick and 33, 
inch wide, intended for cold stamping into bearing cups and then machining 





into bearing races, we have found that it is necessary to control the analysis 
as well as rolling and annealing temperatures to insure uniform hardness and 
structure, and satisfactory deep drawing qualities. If this is not done, split- 
ting of cups or similar parts will occur in the deep drawing, and even machin- 
ing difficulties may arise. 

The authors have referred to a grain growth or recrystallization of de- 
carburized surface on such cups, and have included some photomicrographs 
showing such conditions. We wish to submit some additional macrographs 
and photomicrographs which clearly show such decarburized surfaces, which 
also show extreme grain growth. Cups could not be stamped successfully from such 
material which may be characterized as having “orange peel” surface.  Split- 
ting occurs to a very marked degree in extreme cases. Neither tensile or 
Rockwell hardness tests revealed this condition. 

Fig. 1 is a macrograph of two natural size split cups, one due to light 
surface seams and one due to decarburized, recrystallized surface or “orange 
peel.” This quite clearly shows the effect both of surface defects and of an ex- 
cessively coarse-grained decarburized rim 0.035 inch deep. 

Fig. 2, at 50 diameters. shows the excessive size of the ferrite grains in 
the decarburized rim of the same cup as shown in Fig. 1. It also reveals 
the much smaller grain size below the decarburized zone. Also proper structure 
below decarburized zone. 

Actual analysis of millings proved that the surface was decarburized with 
only 0.03 per cent carbon present, compared with 0.12 per cent carbon under- 
neath the rim. In addition to cups showing this decarburized rim splitting in 
forming, this coarse low carbon rim caused tearing in machining and made 
it difficult to hold dimensions. 

Similar conditions could occur in cold-rolled strip as in the hot-rolled 
product, hence we concur in Messrs. Morton and Rummler’s conclusions that 
uniformity of structure, as well as hardness, is necessary for deep drawing 
of thin strip steel. 

Written Discussion: By R. L. Kenyon, supervising research engineer, 
American Rolling Mill Co., Middletown, Ohio. 

These authors are to be complimented on the willingness they have shown 
to publish the results of their experience in testing material for various parts 
used in ball and roller bearing construction. Without detracting from this 


feature of the paper, it might be well to consider that this is only one deep 


drawing problem and that, therefore, the results are not necessarily of general 
application to all deep drawing problems. 

It is felt by the writer that while the Rockwell is a good test as far as 
it goes, it is not entitled to the implicit faith that the authors of this paper 
seem to place in it. For example, the ranges given for cold-rolled and _ hot- 
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-olled steel seem rather wide compared with the experience of others in this 
Geld. An accurate tensile test will give more information concerning the 
behavior of sheet metal than any test we have experimented with. But its 
results must be interpreted properly or it may be misleading as well as some 
, the other tests in use. For example, the authors’ statement, “Thus a ship- 
ment of steel can be tested and accepted upon arrival at the plant without 
altering the production schedule of the presses for months,” implies that the 
material will show no change in properties during that time. Under cer- 
tain conditions the drawing qualities may be materially changed, due to the 
phenomenon of “aging.” 

The “spring back” mentioned on the third page is more a function of yield 
point than tensile strength. It is true, however, that material which shows 
low Rockwell is often low in yield point, as well as tensile strength, so that 
the Rockwell does give some indication in this case. We have seen cases, 
however, where slight increase in Rockwell has decreased “spring back.” 

The irregularity of the edge of drawn cups is attributed by the authors to 
variation in gage and hardness from center to edge of the strips. Experience 
has shown that the principal cause of this is nonuniformity of the material in re- 
spect of direction. In other words, the strips have “directional properties.” 
This is a fine example of the limitation of hardness or “cupping” tests. 

Tensile tests made on such material would show a significant difference 
in ductility with and across the rolling direction. Tests made at 45 degrees 
to the rolling direction will show more elongation than any other direction 
if such directional properties exist in the sheets. This can be further veri- 
fied by examining the location of the “ears” in the drawn forms, providing 
they are round. If this is the case, the “ears” will be located at points 45 
degrees to the rolling direction. 

The first point mentioned in the summary seems to be entirely too gen- 
eral as based on the results presented. In the first place the draws illustrated 
are not exceptionally difficult and the Rockwell limits given bear this out. 
\s long as the material has good surface, is not coarse-grained, and is rather 
soft, it should give no trouble for this operation. Such problems as “stretcher 
straining,” for example, are not involved in the draws shown. As a matter 
of fact, many tests have been made in an effort to correlate the results of 
physical tests with performance under the dies. With the simple draws shown 
in this paper this is possible, perhaps, but there seems to be no justification 
for the general assumption that the same methods will solve all drawing prob- 
lems. Experience indicates that much more than Rockwell and reverse bending 
tests will be required. 


Authors’ Closure 


Mr. Miller’s comments on finding similar difficulties on parts formed from 


hot-rolled strip steel, having surface decarburization and seams, are greatly 
appreciated and confirm the authors’ results. 

It is agreed with Mr. Kenyon that the Rockwell hardness limits given 
in the paper are much wider than the range within which a steel mill can hold 


the various lots of steel. This wide range was given because it was between 
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these limits that no trouble was encountered from “loading up” of the dies 
with soft steel or broken parts from hard steel. For the particular parts 
studied this range of hardness was satisfactory and represented dead soft cold- 
rolled strip steel. Other manufacturers may find that, in order to get their 
size uniformity their hardness variation will have to be narrowed to a 10 point 
range, B scale, which might also require narrowing their carbon content to an 
0.05 per cent range. 

Changes in hardness of steel due to “aging” seem to occur more rapidly 
in steel which has had a finish rolling operation after annealing rather than 
on fully annealed steel. If this is so, subsequent hardness changes from aging 
this dead soft steel will have a negligible effect on the Rockwell hardness 
and deep drawing results, especially on these particular parts. 

In the cups formed from strips having a variation in thickness or Rock- 
well hardness, it was found that the “ears” come in the direction of rolling 
rather than at 45 degrees to this direction, as pointed out by Mr. Kenyon. A 
theory of this cause comes from the tendency of the steel to equalize in thick- 
ness, due to the equal clearance between the die and punch, thereby causing 
the surplus material to be drawn out in the form of “ears” at the strip ends 
Probably the difference in hardness in the centers of the strips was caused 
by greater compression of the strips, due to the crown effect in the hot-rolled 
strips. If so, the forming operation tends to allow this metal to expand to 
its original thickness, but due to lack of die and punch clearance, it is lengthened 
instead to form the “ears.” 

It is admitted that the formed parts discussed in this paper are not the 
most difficult ones to make, but laboratory tests are satisfactory in determin- 
ing whether the steel will work on this production. Similarly these tests or 
others which might be added can determine the quality of steels for other deep 
drawing applications without requiring actual production operations, provided 
there is proper co-operation between the steel producer, laboratory control, and 
production men. 
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SOME EFFECTS OF THE AMOUNT AND RATE OF 
DEFORMATION ON A LOW CARBON STRIP STEEL 


By JoseEPpH WINLOCK AND ALFONSO E. LAVERGNE 


Abstract 


This paper gives the results of some experiments 
which show some effects of the amount and rate of de- 
formation on a low carbon strip steel. “Lines of Liider” 
(stretcher strains) and their formation are described. 

NE of the greatest difficulties encountered in the forming of 
() sheet and strip steel by the deep drawing process is the occur- 
rence of “stretcher strains” on the surface of the metal after the 
draw has been completed. Stretcher strains or, more appropriately, 
‘worms’ are the shop names for the phenomenon known as the 
“Lines of Luder’ after Luder of Magdeburg, who first described 
them in 1860.1 These lines appear on the surfaces of the metal after 
drawing as irregular lines of depressions or elevations which destroy 
the evenness of the surfaces of the metal. If the stresses producing 
the deformation are primarily tensile, the lines appear as depressions 
in the surface; but if the stresses are primarily compressive, irregular 
lines of elevations occur. They tend to occur in those stampings 
or parts of stampings in which the elongation in forming is between 
1.5 and 10.0 per cent. Sometimes these markings are so extensive 
that it is necessary to grind and polish the entire surface of the 
stamping (see Fig. 1). Even this is not always accomplished satis- 
factorily because the heat produced by these operations tends to 
cause a severe distortion of the stamping. 

In a paper presented before this society in February 1930,? with 
one of the present authors as co-author, stretcher strains were de- 
scribed as being due to the fluctuations occurring at the yield point 
by the transitions in different grains or groups of grains from the 

‘Dingler’s Polytechnisches Journal. 1860. Vol. 156, p. 18. 


“Joseph Winlock and G. L. Kelley, ‘“‘Sheet Steel and Strip Steel for Automobile 
sodies, [RANSACTIONS, American Society for Steel Treating, Vol. 18, 1930, p. 254. 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. Of the authors, Joseph Winlock, 
a member of the society, is metallurgist and Alfonso E. Lavergne is associated 
in an engineering capacity with the Edw. G. Budd Manufacturing Company, 
Philadelphia. Manuscript received July 22, 1931. 
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Fig 1—Photograph of a Stamping Showing Stretcher Strains. 
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elastic to the semi-plastic state (see Fig. 2) and that severe sur- 
face markings could occur only in those metals in which this transi- 
tion were relatively abrupt. It was pointed out that the surface 
markings decreased in magnitude as the load (produced by the in- 
creasing deformation) increased until the effect of contrast was so 
diminished as to effect a return to the original even surface. It was 
shown that by properly regulating the amount of cold work per- 
formed on the steel prior to the deep drawing operation, the stress- 
strain diagram could be made relatively smooth from origin to frac- 
ture (see Fig. 3). Such treatment prevents the occurrence of 
stretcher strains in the stampings, provided, of course, that before the 
deep drawing operation, there has not been time enough for the 
return of elasticity (“‘aging’’) to take place. 

In an attempt to throw some further light on Luder line forma- 
tion, we have just completed a few experiments which, although 
preliminary, nevertheless gave such interesting results that we felt 
it might not be out of place to report them at this time. 

Tensile specimens were machined from a sheet of strip steel 


(0.037 inch in thickness by 36 inches wide by 97 inches long) 


which had been made according to regular mill practice, i. e., hot- 


rolled from a slab to about 0.060 inch in thickness, annealed and 
reduced by cold rolling to 0.037 inch in thickness, and finally box- 
annealed at 1400 degrees Fahr. (760 degrees Cent.). The specimens 
were taken in directions both longitudinal and transverse to the 
direction of rolling. They were 0.750 inch in width and the gage 
length used was 8 inches. They were divided into two lots; one 
lot for testing without further treatment and one lot to be heated 
before testing to above the Ac, point of the steel. The latter were 
carefully sealed in pipes to prevent scaling, placed in a furnace which 
had been heated to 1750 degrees Fahr. (950 degrees Cent.), held for 
three hours, and then drawn from the furnace and allowed to cool in 
the air. 

The chemical analysis of the steel was: carbon, 0.06 per cent; 
manganese, 0.36 per cent; phosphorus, less than 0.015 per cent; and 
sulphur, 0.030 per cent. The percentage elongation in 8 inches in 
both steels when tested in the usual manner at a rate of deformation 
of 2 inches per minute was approximately the same; namely, 31 per 
cent. The specimens were then pulled at the following different 
rates of deformation: 2, 9.5, 10, 14.5, 16, 18, 19, 22, 39, 60, 96, 102, 
126, 156 and 252 inches per minute. 
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In pulling the specimens annealed at 1400 degrees Fahr. (760 
degrees Cent.), it was found that when the rate of deformation in- 
creased to 19 inches per minute the irregular lines of depressions 
did not “widen” and “disappear” in every test piece, but that fracture 
occurred before parts of the specimen had permanently elongated. 
An average of four longitudinal and four transverse specimens were 
pulled at each rate of deformation. Premature fracture occurred 


\Flastic ard 
Plastic Deformetion 


Elastic 
Deformation 


Strain Strain 
Fig. 2—-Stress-Strain Diagram of Fig. 3—Stress-Strain Diagram of 
Steel Specimen. a Steel Which Has Been Cold 
Worked and Immediately Perma 
nently Deformed. 


in at least five out of each eight tests when the rate of deformation 
exceeded 19 inches per minute. When premature fracture occurred, 


the percentage elongation in 8 inches was, of course, very low bhe- 


cause only parts of the specimen had elongated. Fig. 4 shows two 
specimens which fractured in this manner and Fig. 5 shows a portion 
of such a specimen. 

The specimens which had been heated to 1750 degrees Fahr. 
(950 degrees Cent.) were pulled at the same rates of deformation 


‘ 


Stretcher strains formed as usual, but in every case these “widened” 
and “disappeared” as the deformation increased. In no case did 
premature fracture occur. 

Specimens of the steel annealed at 1400 degrees Fahr. (760 
degrees Cent.) were then pulled at a rate of 2 inches per minute 
until all of the large depressions had “‘appeared” and “disappeared.” 
An elongation of 10.0 per cent was necessary to do this. The test 
pieces were then immediately (so that very little aging could occur) 
elongated to fracture at a speed which would have yielded a low 
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percentage elongation and would have left portions of the steel un- 
stretched had this speed been used alone: 252 inches per minute. 


It was found by first employing this slow speed followed immediately 

















by the faster speed that the detrimental effects of the fast rate | 


of deformation were removed: premature fracture did not occur in = 
any case. a 
- _ ‘ ‘ ; the ; 
Without attempting to explain the underlying causes, a brief as 
discussion is offered of some of the results obtained. The permanent sei 
deformation of steel takes place by the alternate slipping and work- | 

strengthening of the different grains or groups of grains. \\When the ial 
load induced by the deformation reaches the yield point of the steel, a 
the resistance to permanent deformation is overcome and slip com- 
mences. The intensity of the stress on the grains which yield first wad 
is increased by virtue of the reduction in cross sectional area, but due pern 
to work-strengthening, the resistance to further slip is also increased. 
The result of this is that the actual load-carrying capacity of the saan 
permanently deformed grains becomes greater than that of their a 
only elastically (or semi-plastically when the extension has become obeias 
greater) deformed neighbors. It is obviously fortunate that this part 


is so, otherwise steel could not be formed by the deep drawing proc- dete 
ess, because if the metal behaved as a perfectly plastic material, the wil 
slightest concentration of the imposed stress (caused perhaps by the 
shape of the finished article) would cause fracture to take place. ead 
Pitch, for example, could not be drawn because no work-strengthen- aati 
ing would take place at the point at which the cross sectional area } din 
is first teduced. Fracture would result almost immediately. In or- the 
der to shape a perfectly plastic material by the deep drawing process, j rebis 
then, it would be necessary to have (1) a perfectly homogeneous E of tl 
substance, and (2) an absolutely uniform distribution of the stress. ; 
These are two conditions which would be very difficult, if not im- i enin 
possible, to obtain. : crea 
In the ordinary tensile test, the rate of deformation of the spec 
specimen as a whole is constant while the load varies according to the pulle 
resistance to the deformation set up by the steel. Stress-strain dia- elon: 
grams obtained under these conditions show beyond the yield point 
only the average elongation and the actual total loads induced by the deep 
deformation. Thus, if after a portion of the specimen has slipped, it ca 
the gage length were to be shortened so that only this portion of the plac 
specimen were included, the stress-strain curve would be found to be conc 


rising as a comparatively smooth curve. This small gage length 
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isually does not in itself show any severe surface markings. If, 
however, the longer gage length is considered, it is found that a dif- 
ference in level exists between the portions which have slipped and 
those which have not slipped. It is the effect of this contrast which 
produces the severe surface markings. \We do not mean to infer that 
the small gage length does not show some markings, too, but we find 
that these are usually so small as to be almost indistinguishable. Con- 
trast is a question of degree and not kind. 

The actual increase in resistance to slip, resulting from the 
permanent deformation of steel, is, however, not only dependent 
upon the amount of permanent deformation and the temperature 
at which it is performed, but also upon the rate at which the defor- 
mation is produced. Numerous and large differences in resistance to 
permanent deformation would tend to accentuate these conditions. 

By pulling the specimens heated to 1400 degrees Fahr. (760 
degrees Cent.) slower than 19 inches per minute, permanent defor- 
mation took place at a rate slow enough for an amount of work- 
strengthening to be produced which was sufficient to cause other 
parts of the specimen to elongate also. But when a higher rate of 
deformation was employed there was not time enough for sufficient 
work-strengthening to take place, resulting in premature fracture. 

The rate of deformation (plastic) necessary to produce an in- 
crease in strength without premature fracture occurring appears to 
vary according to the heat treatment and other conditions existing in 
the steel. This is shown by the fact that the specimens heated above 
the Ac, point of the steel could be pulled by the same slow and fast 
rates of deformation without premature fracture taking place in any 
of the specimens. 

The rate of deformation necessary for sufficient work-strength- 
ening to take place without premature fracture occurring seems to de- 
crease as the extension increases. This is shown by the fact that the 
specimens annealed at 1400 degrees Fahr. (760 degrees Cent.) when 
pulled first with a slow rate of deformation followed by a faster rate 
elongated without fracturing prematurely. 

It would seem, then, that low carbon steel is best suited for 


deep drawing purposes when it is in the semi-plastic condition, since 


itcan be deformed at a faster rate without premature fracture taking 


. . * at ' 7 
place, and since no stretcher strains form when the steel in this 
condition is deformed. 
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DISCUSSION 


Written Discussion: By Felix F. Aloi, Seneca Iron and Steel Co., By; 
falo, N. Y. 

I would like to ask the authors of this interesting paper if the ferrite eraj, 
size of the group annealed at 1400 degrees Fahr. was considerably larger 
that of the group normalized at 1750 degrees Fahr., also whether the carbon was 
in the form of pearlite and what was the Rockwell hardness of each 


orotiuy 
~ up 


Stretcher strains are such an important factor in sheets that I would lik. 
to have the authors’ comment on the following thought in regard to the for 
mation of stretcher strains in sheet steel. Most of the steel sheets used toda 
are made of “rimmed” steel; the ingot of this class of steel consists of a ski 
and a core. The relation of skin to core in sheets rolled from this type 


ingot is shown in the following sketch. 


SURFACE OF SHEET 
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For various reasons the skin is usually softer than the core and, ther 
fore, has a lower yield point. When a sheet of this nature is stretched, t! 


in yield point have a bearing on the formation of stretcher strains? 

Written Discussion: By Thomas Dockray, metallurgist, Eastern Rolling 
Mill Co., Baltimore. 

A very instructive point has been brought out by Messrs. Winlock and 
Lavergne as a result of their very interesting experiments. Their conclusio 
is that a sheet or strip will perform better when in a semi-plastic condition 

There are two schools among consumers of these products—one puts th 
steel in this semi-plastic condition just previous to the stamping operatiot 
while the other expects the mills to avoid stretcher strain formation and to di 
so the mill must cold work the material before shipment. 

As shown by the authors, a final cold-rolled sheet, when the cold work 
has not been excessive, puts the material in the best condition for drawing 
However, when cold work is performed aging to a greater or less extent will 
in most cases begin to take place in a short time and increase as time goes on 
Thus in the case where this cold rolling is performed the mill has put the ma 
terial in the best condition and the consumer should take advantage of this 
fact. In many cases where there is a continuous supply of material a shipment 
is only partially used and the remainder put aside and only used when it 's 
most convenient, other subsequent shipments being used before this. Becaus' 
of age-hardening the percentage of breakage is increased and the mill has t 
foot the bill. This is an unfair situation where the mill is penalized for saving 
the consumer an operation, namely, of putting the material into the ideal stat 
himself just previous to the stamping. 

These experiments bear out a phenomenon which I have been unable t 


yield point of the skin is passed before the core has reached its yield point, there \3 
fore, plastic deformation must take place first in the skin. Does this differenc: li 
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.ccount for up to the present. In studying the effect of cold rolling sheets, 
sheet would be split longitudinally, one-half tested in the annealed last condi- 
tion and the other cold-rolled last. 

With a certain degree of cold work this material would always test as 
eood as, and sometimes slightly better than, the annealed last material. It was 
dificult to find some explanation of this phenomenon but the authors’ experi- 
ments can explain it. 

Mr. Winlock has a penchant for the study of plastic flow and he has brought 
out some very interesting facts. I wonder if he can offer some explanation of 
the following features. 

In making a tensile test it is performed slowly until all plastic deformation 
has occurred and then pulled rapidly. When fracture takes place the strain 


markings have apparently pulled out, but if the surface be then polished with 
emery paper a pattern similar to the original strain markings is found. How- 


ever, if a normalized only and a normalized and box-annealed sheet is com- 
pared, the markings on the normalized only sheet seem to be more predominant 
in height. These elevated areas seem to be a result of work-hardening in the 
original strained areas but the question arises as to why they should be more 
predominant in the stiffer sheet. 


Oral Discussion 


Dr. ALBERT SAUVEUR:’ This paper by Mr. Winlock and Mr. Lavergne 
deals with an important subject and is very instructive and suggestive. It is 
logical to assume the tensile test bar to be made up of groups of grains differ- 
ing slightly in physical properties, at least in strength and ductility. Absolute 
chemical and physical homogeneity throughout the bar is not to be expected. 
On subjecting the bar to tensile stress, the elastic limit of a certain group of 
grains will be reached first and deformation will start at that point. This 
implies reduction of cross section and, were it not for the strengthening effect 
of cold work deformation, rupture would take place where elongation first 
started without permitting adjoining metal to stretch. There would be very 
little, if any, elongation of the bar as a whole. Deep drawing would be im- 
possible or indeed any kind of drawing or stamping. 

As matters stand, however, adjoining groups of grains elongate, being in 
turn strengthened by work and causing other adjoining unstrained groups to 
deform, etc. Might it not be then that the lines of Liider represent slip bands 
of adjoining grain groups; that is, macro slip bands similar to the micro slip 
bands observable in individual grains. Note that both bands or lines are due 
to differences in level and disappear on polishing. 

[ find it difficult, however, to reconcile this otherwise plausible theory 
with some observed facts. For instance, as I understand it, stretcher strains 
do not occur in deep drawing, if the sheet is drawn shortly after its manu- 
facture, assuming, of course, that it has received the proper amount of cold 
rolling. Aging causes the appearance of stretcher strains. It has been said 
that it is because aging restores the yield point destroyed by cold rolling. But 
how does this tie up with our theory of grain group slipping? 


‘Gordon McKay Professor of Metallurgy, Harvard University, Cambridge, Mass. 
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It is readily seen that rapid testing by denying the necessary time for 
work-hardening and hence for the elongation of adjoining metal would result 
in premature fracture and little elongation, but why should a steel annealed 
above the A; point never suffer from premature fracture, regardless of testing 
speed? It differs only from the steel annealed at 1400 degrees Fahr. (760 


degrees Cent.) by the size of the grain, which | presume to be larger. 


Authors’ Closure 


We should like to thank Professor Sauveur for his helpful and construc- 
tive discussion. As we see it, stretcher strains represent degrees of difference 
in level between those portions of the metal which have slipped and those which 
have not slipped. When the differences in the level are large they are called 
stretcher strains and when the differences are very small, stretcher strains, 
although present, are not referred to as stretcher strains. For example, in 
deforming by tension the nonferrous metals, aluminum and copper, we get 
differential slippage (manifested by a roughening of portions of the surface) 
but no deep depressions. It would seem, then, that the occurrence of stretcher 
strains is dependent upon at least two things: (1) “work-strengthening” which 
we define as the increase in strength per unit deformation per unit time (and 
which is probably different for the different metals and may even vary in the 
s me metal as plastic deformation proceeds) and (2) the fact that steel in the 
annealed or “aged” condition has a greater degree of elasticity and a more 
well-defined yield point than that of aluminum or copper or steel in the semi- 
plastic state. We are unable at the present time to describe the relative effects 
of these two observations. 

We believe that one of the differences between the two lots of steel used 
in these experiments which may have an important bearing on the results and 
yet is not discernible by microscopical examination is the preferred orientation 
induced by the large amount of reduction by cold rolling and which is not 
removed except by heating through the Ac; point. 

Mr. Aloi’s comments are of interest. We did not make photomicrographs 
of the specimens, but microscopical examination showed that the specimens 
annealed at 1750 degrees Fahr. (950 degrees Cent.) had a somewhat larger 
grain size than those annealed at the lower temperature. The cementite was 
present in the spheroidized condition in the latter and in the partially spheroid- 
ized condition in the former. The Rockwell hardness of the specimens an- 
nealed above the Ac; point was 32 and of the other group 38. 

We believe that anything which contributes to chemical or physical hetero- 
geneity will increase the tendency to produce stretcher strains. But the het- 
erogeneity such as that produced by “rimmed” steel is not the only cause be- 
cause (1) stretcher strains occur in “killed” steel, (2) rimmed steel in the 
semi-plastic condition does not show stretcher strains after drawing and (3) 
if the low carbon surfaces are carefully removed, stretcher strains may still 
be produced. 

The phenomenon which Mr. Dockray mentions is probably due to dif- 
ferences in the work-strengthening characteristics of the two steels about which 
little is yet known. 
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COMPARISON OF SHEET AND STRIP STEELS FOR 
DIFFICULT STAMPINGS 


3y Epwarp S. LAWRENCE 


Abstract 


This paper emphasizes the general differences in the 
manufacture of sheet and strip steels of the low carbon 
variety as utilized primarily for deep and extra deep draw- 
ing automobile stampings. Some of the most common 
defects and limitations encountered in the manufacture of 
strip steel for this particular and ultimate use are con- 
trasted with some of the more common defects attributed 
to the manufacture of sheet steel. The adaptability of 
strip steel as made on a continuous four-high mill as 
breakdowns to be used on a conventional two-high sheet 
mill is emphasized. 

The influence of deep drawing strip steel on the market 
formerly held by sheet manufacturers is discussed. The 
rapidly improz ‘ed methods of sheet rolling are defended. 

The various physical standards as are now demanded 
by the consumer of sheet and strip steels are criticized. 
Emphasis is laid to better cooperation between manufac- 
turer and consumer as regards their research and develop- 
ment, the author indicating that close co-operation will be 
extremely beneficial to both. 


HIS paper is limited to the comparative study of low carbon 

strip and sheet steels produced in wide, thin gages as utilized for 
difficult stampings, principally those stampings used for and in the 
manufacture of automobile bodies. 

The physical, processing, and economic comparison of sheet and 
strip will be briefly discussed and the advantages and disadvantages 
of each and to one another will be correlated with the idea of ascer- 
taining, if possible, the best deep drawing sheet of tomorrow, which, 
undoubtedly, will come from a combination of our present strip and 
sheet processes (1). 


In spite of the fact that the continuous rolling of wide strip has 


‘The figures in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author is a member of the 
society, and is metallurgical engineer for the Duraloy Co., Pittsburgh. Manu- 
script received June 16, 1931. 
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received marked attention and comment since its entry into the auto- 
mobile body field some four years ago, we are somewhat concerned 
with the advantages and defense of the conventional two-high shee; 
mill whose modernization and marked improvement of product, we 
believe, has been momentarily overlooked. 

This paper is further presented with the thought that the author 
does not believe that any broad, comparative treatise on sheets and 
strips for deep drawing purposes has been brought to the attention of 
the consumer. By this we mean that while the subjects of sheet and 
strip have been discussed separately and quite in detail (2), they 
have not been discussed collectively. A careful review of the liter- 
ature on the above subject matter as issued during the past five years 
indicates that not only are the papers and discussions somewhat con- 
tradictory, but, in many cases, are and have been made, ambiguous and 
nusleading. This is because of the fact that late information pertain- 
ing to these industries has been intentionally withheld by the sup. 
pliers. While this is regrettable, yet it is quite natural and expected. 

Nor is the consumer of sheet and strip steels exempt from some 
criticism. The revolutionary changes made in almost lightning rap- 
idity within the sheet and strip industries practically parallel the rapid 
changes which have occurred within the automotive industry itself. 
Automobile body designs and their attendant and ever-increasing deep 
and more complex stampings, are constantly being changed. It, there- 
fore, has become a!most necessary that, considering the shape of the 
stampings, various complications of drawing, and the surface finishes 
as demanded, the suppliers of sheet and strip set up practically sep- 
arate treatments for each and every standardized automobile body 
part. Therefore, coupled with the constant changing of these parts, 
it has, with undue hardship, prevented the efforts of suppliers to 
really standardize various thermal and mechanical treatments of their 
strip and sheet. For this condition the user of sheet and strip 1s 
largely responsible. Furthermore, the consumer might, and in the 
future probably will, contribute considerable valuable information to 
his suppliers, but so far as generally reviewing this matter openly 
with them is concerned, he has thus far failed to contribute anything 
of marked consequence to the advantage of sheet and strip mills, and, 
of ‘course, indirectly to himself. It is a known fact that these data are 
available and would be of great material assistance to the suppliers 
even to the extent of not only improving the drawability, but also 
reducing the high ultimate price, if only this co-operation could be 
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ealized in the light that its divulgence would materially aid all con- 
cerned. 


TONNAGE COMPARISONS OF SHEET AND STRIP 


It seems quite appropriate, at the beginning, to correlate the 
tonnages of both sheet and strip steels utilized by the automotive in- 
dustries since we are all familiar with the fact that since the period 
of 1926-1927 the mass production of automobiles has necessitated a 
marked increase in the output of both products. 

In early 1927 the loose rolling sheet mills found themselves faced 
with the problem of trying to meet the demand for the great tonnages 
of deep drawing sheets then being purchased by the automotive in- 
dustry. We are all familiar with the fact that this great demand for 
sheets at that time was the result of mass production of automobiles. 
The sheet industry, in order to cope with the situation, was putting 
considerably more hot mills into operation, which, of course, neces- 
sitated increased equipment for pickling, annealing, and cold rolling. 
This was the psychological moment for manufacturers of strip steel 
to jump into the ring and proclaim themselves the answer to the pro- 
duction of large tonnages of wide, and thin gage deep drawing sheets. 

Up to this time, the continuous rolling of strip steel in narrow 
widths (up to 24 inches) was fairly well established and well worked 
out in detail. To be sure, some experimental work had been done on 
wide thin strip rolling, primarily in view of working this product 
into the field now predominated by the sheet industry. Much credit 
must be, and is, given to the farsightedness and incentiveness on the 
part of strip producers, as well as several sheet mills, who were willing 
to gamble their knowledge of processing thin narrow strip against 
the great rewards to be found in successful continuous processing of 
strip in even greater widths than 24 inches. It is sufficient to say 
that since 1927 strip manufacturers have gradually cut down and 
into the market formerly held quite securely by the sheet industry, 
which may or may not be the answer. 

For concrete examples, in 1927 the automobile industry bought 
1,103,950 tons of sheets from the sheet industry itself and only 
177,437 tons from the strip industry. In 1928 the strip people prac- 
tically doubled their output into the automotive field which shows the 
reaction that the automobile industry had toward the use of strip 
steel, even in those days of early development. It is not our intention 
in this paper to gain our point by dragging out this discussion 
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through the medium of long columns of statistical figures, but we do 
feel that this comparison will show the inroads made by strip into the 
sheet industry. 


The year 1929 was an excellent year for everybody, including 


Rn eee eee = 


even the automotive industries. In that year, they bought 1,608,807 


tons from the sheet industry, which represented approximately 37 per 
cent of all sheet output. They also bought 1,180,663 tons of strip, 4 
which represents approximately 61 per cent of the strip output. Thus, 4 
it can be seen from this last figure that most certainly the strip in- g " 
dustry should feel pleased with their venture into this automobile body z ” 
market in view of the fact that more than half of their output was, 4 
for the most part, absorbed in the form of auto body stampings, " 
Another fact of interest is that ever since 1927 the strip industry has 
gradually cut down the difference between its automotive tonnage and 
the predominating tonnage of sheets as also supplied to the automo. [7% : 
bile industry. The difference was 726,513 tons in 1927, 448,178 3 ae 
tons in 1928, and 428,144 tons in 1929, while the year 1930 shows J" 
that the difference is down to 398,952 tons. 3 
The year 1930 was a disappointment to the automobile industry Jy 
and its allied industries to the extent that it purchased only 1,125,902 9 
tons of sheets, which represented approximately 36 per cent of sheet 
output, and, furthermore, purchased only 726,950 tons of strip, which 
represented approximately 55 per cent of the output of that industry, 4 
a decrease of 1 per cent for sheet and 6 per cent for strip over the | 
preceding year. These figures are not bad when one considers that 
during 1930 only 3,300,000 automobiles and trucks were sold which J 
was a decline of practically 40 per cent over the output of 1929 4 
Along with this, we must remember that new and improved sheet 
mills were built in 1930, and at the same time, marked improvements 
in wide strip tonnages in all respects were quite noticeable. Thus, 





1930 showed that so far as supplying thin, deep drawing material to J 
the automobile industry was concerned, the sheet industry held a é 
slight edge over the strip industry, even though both lost about 40 
per cent of their usual automobile trade. 

We have introduced these figures merely to show the relative, 
and somewhat marked, strength up to the present time, of the strip 
industry and its influence on the automobile markets which it was 
striving so hard to serve. The rapid addition of continuous rolling 
mill equipment by the outstanding steel companies of this country H 
indicates its future and possibly may attribute to its success, and per- 
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haps its downfall. An enormous initial investment, including a slow 
capital turnover, means that if strip is to be produced at low costs, 


‘++ must naturally turn out large tonnages. ‘This is possibly the longest 
and strongest argument now in favor of the conventional sheet mill. 


SomME ADVANTAGES AND DISADVANTAGES OF STRIP 


It must be remembered that unless a continuous mill is kept 
running close to capacity, it will hardly be expected to make much, if 
any, profit. With these facts in mind, we are now confronted with the 
fact that approximately 75 per cent of the present sheet-making ca- 
pacity of the United States is in the hands of companies who are 
utilizing, or are about to utilize, the continuous methods of producing 
strip sheet in wide thin gages, all processing of which is claimed to 
The ever 
increasing output of continuous hot and cold strip mills indicates that 


be under a very broad and comprehensive patent structure. 


more tonnages of sheet material will be produced than can probably 
he absorbed for some time, at least, and unless this tonnage is cur- 
tailed, we are led to believe that we will see greater comparative price 
cutting in the field than has been heretofore realized or anticipated. 

The influence of low-priced strip for deep drawing stampings 
has been made manifest in the prices of sheets whereas from January 
1927 the base price of 20-gage sheets at Pittsburgh has dropped from 
4.20 to 3.10 cents per pound. In addition to this, the extras for deep 
drawing grades and finishes were somewhat relinquished in 1929 by 
combining and averaging the extras for deep and extra deep draw- 
ing grades, all of which reductions do not show up in the base price. 
Therefore, marked concessions have taken place in automobile body 
sheet prices through the influence of strip, and have necessitated, in 
turn, improvements in conventional sheet rolling, which will be later 
discussed. 

We beg your indulgence for a moment to read a portion of an 
article on the continuous rolling of sheet steel published in May 1927 
(3) when strip was first beginning its drive on the automobile in- 
dustry. This article is worthy of reviewing as it indicates that the 
economic background for continuous rolling is an important one, and 
turther reveals that under present conditions, the earlier thoughts on 
this subject should still be respected. 


Furthermore, it indicates that 
ot what little knowledge was available at that time little has been di- 
vulged since then. 


In spite of certain enthusiasms as regards this 
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new venture of strip, it has indicated its enthusiasms with reserya- 
tions. 

We, therefore, quote from this article as follows: 


“As regards the present economic background of the sheet business, cer- 
tain features are in favor of and certain against the continuous sheet 
mill, with the balance probably on the favorable side. The demand for 
sheets has been steadily increasing, and such moves on the part of the 
industry as the formation of the American Sheet Trade Extension Com- 
mittee, are certainly helpful in this direction. The advancement in knowl- 
edge of sheet stamping, pressing, etc. is also increasing the range of 
users of sheet. The new varnishes and lacquers which make sheet stee| 
articles more durable are expected to be a contributing factor in the 
same direction, and yet with the demand for sheet steel decidedly on the 
increase, the profits of mill operators have been low and show no tend- 
ency upward. This is ascribed by every one concerned to the intense 
competition for business among the operators and the very keen ability on 
the part of the buyers, particularly the larger companies, in turning this 
competitive condition to their benefit. The state of the industry being 
thus, there is every reason to believe that the lower prices which the 
continuous sheet mills are already quoting and at which they can make 
better profits (assuming that everything works out all right) than the 
noncontinuous mills at their higher prices, will attract the business their 
way. The tendency toward the so-called hand-to-mouth buying is cited 
as against the interests of the continuous sheet mills in that it is apt to 
break up business into parcels which may eventually prove too small for 
them to handle. So far, however, there does not seem to be any indica- 
tion of this as seriously affecting the business of the only existing mill 
of that kind, and there is every reason to believe that with the price 
attraction, purchasers will be willing to give sufficiently large orders to 
get the full benefit of the lower quotations. The continuous sheet mills 
will roll every width between strip and approximately 42 in. and ever) 
gage, and are therefore capable of taking care of any market require- 
ments. There is very little doubt, therefore, as to the permanency of this 
new development. In the United States continuous sheet rolling has come 
to stay. There is every indication that it will remain essentially an 
American development. Considering the profound changes which it has 
created in a great industry and the further fact that no new inventions 
are really involved in it, it is rather surprising that no continuous sheet 
mills have been built before. They have, however, come to stay.” 


The author of the above quoted paper certainly made a good 
statement when he said that “assuming that everything works out all 
right,” the continuous sheet mills will outsell the conventional sheet 
mill product. Naturally, at the present moment, with these two in- 
dustries in the midst of an economic battle for mere existence, let 
alone profit, the statements from this quoted article are well ex- 


me 


ie 


= 





anc 
wh 
tim 
it 1 
the 
pr 
mo 
duc 
me 
the 
the 
fut 
tin 
pre 


tal 


‘el ruar \ 


eserva- 


PSS, Ccer- 
1S sheet 
land for 
t of the 
mn Com- 
l knowl- 
ange of 
eet steel 

in the 
y on the 
no tend- 
intense 
bility on 
ling this 
‘y being 
hich the 
un make 
than the 
ess their 
is cited 
S apt to 
mall for 
y indica- 
ing mill 
he price 
rders to 
set mills 
id every 
require- 
y of this 
las come 
jally an 
h it has 
ventions 
us sheet 


” 


a good 
out all 
il sheet 
two in- 
nce, let 
rell ex- 


STEELS FOR DIFFICULT STAMPINGS 125 


ssed and proved to be true at the present time, as “the tendency 

yard the so-called hand-to-mouth buying is cited as against the in- 
‘erest of continuous sheet mills in that it is apt to break up business 
ito parcels which may eventually prove too small for them to 
handle.” 

The present buying for immediate consumption presents orders 
which can hardly be handled on these large continuous mills, any one 
of which can hot roll in a day tonnages which the average sheet mill 
would be glad to get out in a week. Therefore, these small orders 
demanding almost immediate delivery for ready consumption are in 
such odd gages and sizes that it presents great difficulty for strip 
manufacturers to produce this material and still make any profit. 

On the other hand, the sheet people by their noncontinuous mills 
and through the medium of their modern and revamped equipment 
which has helped speed up their processing, are able at this particular 
time to quite readily fill such small and nondescript orders. While 
it is a well-established fact that their profit is very slim, nevertheless 
their maintenance and operating costs are flexibly adjusted to the 
product which they make, and, therefore, their chances for making 
money on such orders are possibly slightly better than for those pro- 
ducing strip steel. The continuous hot and cold rolling strip equip- 
ment maintained for high tonnage production is quite analogous to 
the latest type of continuous heating or normalizing furnaces in that 
the upkeep and operating costs continue whether the mills or the 
furnaces are running 50 or 100 per cent capacity. Thus, in a con- 
tinuous heat treating furnace, the fuel costs remain approximately and 
practically the same so long as a certain temperature must be main- 
tained and the interest on the investment will not vary with the ton- 
nage output. Likewise, the electric power for driving the continuous 
mills or furnaces is not appreciably reduced by small production; in 
tact, the whole theory of high tonnage equipment is that the highest 
tonnage involves the lowest cost. Thus, when the automobile indus- 
try wants a few sheets instead of a few tons of an odd gage and size, 


the costs of producing such an order on this continuous equipment 
jump to a point where hardly sufficient profit is made to pay the 
interest on the investment. 


It is quite possible that within a few years continuous rolling 
mills will be further perfected to the point that continuous wide strip 
(36 to 48 inches) can be continuously hot-rolled, in one heating, down 


to ge 


gages which fall within the average acceptable range of the auto- 
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mobile industry, namely 18 to 22 gage. Until then, the hot rolling 0; 
36 to 48-inch strip will more or less commercially stop at around 0; 
about 16 gage. The 16-gage strip will then be continuously pickled 
and recoiled, and then be reduced to the desired gage by continuoys 
cold rolling on four high and cluster cold mills, which is the present 
practice (4). 

Some thought has been given to continuous pack rolling of hot 
strip producing as low as 24-gage with the possibilities of getting stil 
lower (5). However, from all information available, this has bee 
attempted but is not as yet a commercial success, although we have 
no doubt but that the near future will reward the persistency and 
incentiveness of those working on this phase of the mechanical treat- 
ment of strip. 

Thus, we have hot-rolled strip in widths up to 48 inches which 
are reduced to the desired gage by continuous cold rolling. This con- 
tinuous cold rolling through cross-sectional reductions up to about 90 
per cent has a decided advantage for strip over sheet as used for deep 
drawing purposes, particularly from the standpoint of surface after 
draw. Cold work on a sheet rolled on a two-high mill will often 
cause grain growth on or near the surface of the sheet through subse- 
quent annealing, a condition which remains and can only be obliterated 
by a normalizing heat treatment. This surface grain growth might 
allow the body part to be satisfactorily drawn to shape, but the fin- 
ished part would show a granular surface due to this abnormal sur- 
face growth due to critical straining through cold working. This 
condition is not likely to occur in strip steel because this cold rolling 
reduction is so great that large grain growth does not occur in the 
usual temperature ranges of subsequent annealing. This is explained 
in that the subsequent annealing temperatures of strip do not occur 
within the range of critical grain growth, which range is dependent on 
the amount of strain by cold working induced in the material(6). 

Strip steel, on the other hand, commercially presents a much 
harder, stiffer, and smoother surfaced material than is produced by 
sheet suppliers for the same purpose. While that comparative phase 
will be discussed later, it is well to note at this point that strip steels, 
by reason of their heavy cold roll reductions in particular, present a 
sheet for drawing purposes whose elastic limit is on an average higher 
than that of sheet, and with many difficult body stampings, this fea- 
ture is a decided advantage (7). The author knows of a number of 
cases where extremely difficult body stampings were produced with 
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ess breakage from a normalized strip steel where the elastic limit was 
ipproximately 70 per cent of the ultimate strength, whereas conven 
tional sheet steel of the same carbon content showed greater breakage, 
even though it was normalized and box annealed and even had the 
same chemical analysis. The apparent and marked difference indi- 
cated that the sheet steel had an elastic limit of only 60 to 65 per cent 
of its ultimate strength, whereas the elastic limit of the strip was ap- 
proximately 10 per cent higher. 

While on the question of hardness and stiffness of cold-rolled 
strip steel, we might mention that this product shows a tendency to 
erow hard or “age.” This aging effect, while of a minor magnitude, 
still causes strip producers no small amount of worry and is analogous 
to stretcher strains which have always seemed to bother the sheet 
producers. This aging of strip steel indicates a gradual increase in 
hardness following its final cold working for a period of several 
weeks (8). This aging is manifested in that on an 18-gage strip, for 
example, the Rockwell B scale hardness jumps from 3 to 6 points 
and the Olsen ductility drops from 5 to 20 points within the above 
mentioned time. This aging effect is sometimes sufficient to cause a 
marked increase in the breakage of the automobile part for which it 
is intended. However, this particular problem is being thoroughly 
investigated and undoubtedly it will be overcome (9). 

In conclusion, so far as the strip mill is concerned, we believe its 
importance from the standpoint of tonnage has been over-estimated, 
but there are many distinct advantages to strip, such as accuracy to 
gage, and surface finish, which is not possible at present in conven- 
tional sheet manufacture. However, the continuous hot rolling in 
single thickness in a single heating leaves strip at about 16 gage in the 
wide widths in which we are interested. We, therefore, agrge with 
the thoughts expressed by Shannon, Jones, Melaney, and others in 
that hot-rolled strip can be cut into breakdown sizes and finished to 
the lighter gages on the conventional two-high sheet mill to the ad- 
vantage of existing sheet mill equipment and resulting in a larger out- 
put for strip tonnages. Without going into this subject any further, 
we refer to Shannon’s recent and excellent contribution (9A) for de- 
tails which are worthy of recording, but which time does not permit. 
We do, however, wish to leave the discussion of strip by quoting Ben- 
nett (10) as follows: 

“Giving due credit to the importance of recent developments in the roll- 
ing of wide strip or sheets, which mark distinct economic and human- 
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itarian advances in steel mill operation, the new mills have certain jp- 
herent limitations, which should not be overlooked in a study of their rel; 


tions to old style mills. In some cases, a group of hand mills may wel] 
complement a continuous mill installation to secure a desired increase jy 
plant capacity. For the gages at present within the range of the ney 
type mill, it will be found that cost of installation of such a mill is prac- 
tically that of the equivalent tonnage group of old style mills, without 


however, the flexibility of operation of the single mills. Until the ney 
type mill is developed to the stage of satisfactorily and economical] 


handling practically the entire range of sheet mill gages and widths, th 
old style mills have their field and may well supplement the new type fo; 
some time to come.” 


THE CONVENTIONAL SHEET MILL 


There are in this country over 800 conventional two-high hot 
sheet mills, about 50 per cent of which are devoted to the production 
of high grade sheet steel such as might be used by the automotive 
industry. As we have already stated, back in 1927 the advent of the 
wide thin strip caused considerable worry and unpleasant predictions 
to the sheet mill owner, who probably felt that his conventional mills 
were about to be scrapped. This equipment represents an investment 
of approximately $200,000,000. The sheet industry was, at that time, 
producing about all the tonnage that they could possibly roll as the 
automobile industry was demanding deep drawing sheets faster than 
it could be run out 1n these mills. 

The principle of hot rolling by hand on two-high nonreversing 
mills has been, for the most part, practically unchanged since rolling 
methods of this nature were utilized 200 years ago. It is only within 
the last fifteen years that the loose rolling of packs into sheets utilized 
for deep drawing stampings has come to the front, and the advances 
made in the methods of processing such sheets have been almost as 
great in these last fifteen years as during the total existence of this 
particular art. Therefore, when the strip industry made a bid for the 
increasing tonnages of full-finished deep drawing sheets required for 
automobile bodies, the sheet industry itself was again forced to take 
account of stock and once more seek to defend itself by further in- 
proving its equipment. 

These improvements have been marked and diversified. The 
crude pack and pair heating furnaces have given way, in a majority 
of mills, to continuous furnaces which practically tripled the output 
of packs and pairs, thus enabling greater and more uniform produc- 


tion of good sheet, from the standpoint of the hot mills. Men were 
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utioned and carefully trained in the art of producing loose rolled 
-heets so that less variation in gage thickness from edge to center was 
encountered, more attention was being paid to the condition of the 
hot mill rolls both from the standpoint of their shape, and cleanliness 
of surface. Improvements in pickling and two-high cold rolling were 
also carefully investigated and corrected. The sheet industry was 
frst to recognize and utilize extensively continuous normalizing fur- 


(11). 


down the time of processing and eliminated the first box annealing 


naces These continuous normalizing furnaces not only cut 
of steel, but they produced a more uniform, deeper drawing and 
tougher sheet through this recrystallizing heat treatment. Now prac- 
tically 90 per cent of all automobile body parts demand a normalized 
basic structure. Most certainly credit is due to the sheet producers 
who first installed these somewhat expensive continuous sheet nor- 
malizers, thus introducing on a commercial basis a sheet of superior 
drawing qualities and finish than ever was produced commercially by 
It is 
well to note that the strip manufacturers have been forced, to a 


the now somewhat antiquated double box annealing methods. 


marked extent, to normalize their strip steel where extremely diffi- 
We mention this fact be- 


cause the strip supplier felt in the beginning that he could finish his 


cult drawing operations are necessary. 


strip on the hot mills at such a high temperature that by coiling the 
hot strip, he could bring about a normalized treatment in the coil it- 
self, or he could box-anneal his severely cold-rolled strip and produce 
a similar grain to that obtained by normalizing. These procedures, 
however, have never proved a commercial marked success where ex- 
tremely uniform grain structure is deemed necessary, and the body 
part presents an extremely deep draw. 

At this point, we would like to state that this paper will not be 
interspersed with photomicrographs showing low carbon steel and 
strip having normalized or single and double box annealed grain 
structures. Those who have read this paper or are here today are 
fully aware of the fine, thoroughly equiaxed grains resulting from 
correct continuous normalizing treatment, and the larger, somewhat 
The author feels that those 
who have preceded him in the discussions of sheet and strip have 


irregular, grains as from box annealing. 


not only satisfactorily covered this phase, but it seems quite unnec- 
essary to take the time to explain these differences of grain size and 
treatment by a lengthy, and somewhat elementary, treatise on metal- 
lography, 





TRANSACTIONS OF THE A. S. S. T. Februar 





Therefore, to proceed with the discussion of conventional shee 


making, we find that the sheet manufacturer has not only improved 
his equipment for thermally and mechanically processing his sheets. 
but he has also taken steps to handle this high grade product by in- 
stalling certain conveying equipment which is quite necessary for the 
maintenance of a good surface on such sheets. As we have alread, 


stated, the economic situation today places the sheet manufacturer jy 


ential 


an excellent position to quickly obtain the most odd gage and siz 
orders for sheets as he can utilize his noncontinuous and, therefore. 
quite flexible, equipment to much better advantage than the continu- 
ous strip manufacturer could ever possibly hope to do. a 
There are at present, in the author’s estimation, two steps of [@ 
manufacture which could be decidedly improved upon by the manu- | 
facturers of sheet for difficult stampings. One of these improve- 
ments is traceable to the fact that the majority of surface defects en- 
countered at inspection are traceable to defects caused on the hot mills, 
or when the sheet is rolled from sheet bar to breakdown and the: 
into finished hot-rolled sheets. These defects are not necessary to 
be repeated here because the majority of those sufficiently interested 
to read this paper are fully acquainted with the majority of such 
hot mill defects, and even their cause and remedy. The author be- 
lieves that by utilizing breakdowns as derived from hot-rolled stri 
steel instead of the usual sheet bar, that these strip breakdowns in 
pack form would eliminate a great many defects heretofore en- 
countered and acknowledged as difficult to overcome when break- 
downs rolled from sheet bar on sheet roughing mills are utilized. 


3y thus utilizing strip breakdowns, a flexible noncontinuous sheet [J 
mill can practically double its output on the hot mill floor by changing 4 
all roughing mills to finish-mills, and all continuous or noncontinuous J 
pair heating furnaces to continuous pack heating furnaces. Naturally, i 


of course, this increased output will demand larger and greater facil- 
ities for pickling, cold rolling, normalizing, and box annealing, but 





it is not necessary to discuss this phase at this point. 

The other improvement which could be made in sheet production 
is through the medium of better thermal treatment. It is acknowl- 
edged that through the medium of a correctly constructed normalizer, 
the sheets are heated and cooled so uniformly that if the steel is clean, 
the resultant normalized structure is uniform and equiaxed through- 
out the entire sheet. If this basic normalized structure is correct, we 
assume that for a full-finished sheet it is usually followed by pickling, 
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rolling for surface, and then box annealing for a softening ac- 

1 (because normalizing and cold rolling together present a some 
vhat stiff and hard sheet, although very ductile). This box annealing 
usually calls for a heat treatment at low temperature of a large mass 
of steel which is rarely, if ever, uniformly heated throughout. 

This heat treatment of a large compact mass of sheets presents 
variable physical properties which have a marked effect when the 
sheet is drawn to the shape desired. While nobody has as yet pub 
licly presented any sort of a solution to this problem, it is believed 
that time is not far distant when full-finished normalized sheets will 
he continuously heat treated in possibly a bright annealing furnace at 
a low temperature, which will then allow the sheet manufacturers 
to present a uniformly heat treated product having uniform physical 
properties throughout the entire shipment. The utilization of break- 
downs from strip mills in a modern hot sheet mill, such as proposed 
by Wean (12), and already reduced to practice in one of the coun- 
trys most modern of sheet mills (13), we believe will allow the 
existing sheet mills to seriously combat the advances being made by 
the strip manufacturers in their particular field. 

It is indeed true that both sheet and strip steels utilized for dif- 
ficult stampings have many treatments in common, but the main dif- 
ference between these two parts, at the present time, is in their method 
of production. The strip mill may eventually continuously hot roll 
wide strip into the desired gages and widths, and when this occurs, 
they will again threaten the sheet industry as it has never been threat 
ened before. In the meantime, however, the sheet industry has 
stepped up not only its production through the use of improved 
mechanical and thermal equipment, but it has assumed semi-contin- 
uous methods of handling which are somewhat flexible, and it is not 
unlikely that they will continue to hold their own for some little time 
to come. 


RELATION OF CONSUMERS TO SHEET SUPPLIERS 


As to the relative advantages and disadvantages of sheet and 
strip, as just briefly discussed, we cannot overlook the fact that re- 
cent mergers for the sake of economy have helped to concentrate and 
simplify for the consumer the sources from which he can obtain his 
deep drawing materials (14). This marked concentration of activ- 
ities has helped the producer to combine his technical developments 


and research so that, at the present time, he is in an excellent position 
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to serve well his customers with various grades of deep drawing 
sheets for practically every use. 

The consumer is, therefore, much better off than heretofore, as 
the research and study given to sheet and strip enables him in tur; 
to study the results of such research and to purchase his materials 
under somewhat standardized grade names and numbers. We find 
that the supplier of sheet and strip has, in spite of activities to keep 
up with production, found time to publish some of the results of in- 
vestigations of deep drawing materials. We refer to such data as 
published by some of the leading manufacturers, who, through the 
medium of their publications, have attempted to simplify the pur- 
chasing of high grade deep drawing sheets and strips. Such publica- 
tions as mentioned are typical examples, and should be acknowledged 
and appreciated by the consumers of sheet and strip (15). 

On the other hand, we find very little data published on inves- 
tigations conducted by the consumer. However, the papers and ar- 
ticles by Graves, Brown, Winlock and Kelley, and Morton are worthy 
of reference (16). But through the pens of these men have come 
the majority of contributions on this subject of sheet and strip from 
the consumer's standpoint. The author, therefore, urges, through 
the medium of this article, that more consideration be given by the 
consumer to the wishes expressed by the manufacturer relative to 
simplified means of specifying orders. It is indeed unfortunate that 
the manufacturer has been forced to accept not only physical or 
chemical limitations, but also specific limits on breakage, simply be- 
cause the tonnage usually warranted the acceptance of the orders on 
the chance that they would perform as per the demands of the con- 
sumer. If the physical properties are demanded along with a mini- 
mum breakage, the consumer should not hold the manufacturer re- 
sponsible for a certain range of chemical analysis, or, if the analysis 
is specified, the manufacturer should not be held for the physical 
properties obtained, although this latter combination is much easier to 
carry out and hold to in the process of manufacture. 

We find the consumer attempting to run a certain gage and size 
of both sheet and strip for the same deep drawing part and, in this 
respect, a great deal of trouble is often encountered. To be more 
specific, we refer to a recent paper by Winlock and Kelley (17). 
These men have contributed as much, if not more, to a better un- 
derstanding and co-operation between sheet and strip manufacturers 
and the producers of automobile bodies than any other authors up 
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STEELS FOR DIFFICULT STAMPINGS 
to the present time. They have given the manufacture of steel intense 
study. which should have its effect on even the steel producers them 
<elves in that their deductions and conclusions can well be adapted to 
mill processing. For example, these authors, in discussing sheet and 
strip, emphasize the fact that a die properly set up for a soft sheet 
will not produce to good advantage the same stamping as made either 
of a somewhat stiffer or harder sheet or strip. This statement is, we 
believe, quite true. 

The clearance between punch and die is often set up for sheet 
steel which, on an average, will show a difference of about 2000 to 
10,000 pounds less tensile strength, and approximately the same less 
number of pounds difference in elastic limit over a normalized sheet 
or strip steel. This difference in tensile strength and elastic limit 
might be taken into consideration when we know that we can produce 
for these dies, sheet or strip showing this marked difference in ulti- 
mate and elastic strengths although the Rockwell hardness and the 
This stiffer or harder 
sheet or strip then produces wrinkling in the part to be formed. For 


carbon content of both may be identical. 


this reason, we cannot agree with Graves (18) who states that “The 
Rockwell test is an indication of tensile strength.” 

It might be well to reminisce for a moment on the dies used on 
the various grades of deep drawing sheets which have been utilized 
in the past few years in order to more fully illustrate wherein the 
consumer has perhaps somewhat failed to keep up with the change in 
materials which he is attempting to draw to shape. Prior to the ad- 
vent of sheet normalizing furnaces, double box-annealed sheet was 
used, which was soft, very ductile, and had a fairly large grain struc- 
ture. This soft, putty-like sheet formed shallow stampings quite 
readily when sufficient clearance was allowed in the dies. More dif- 
heult and deeper stampings demanded a normalized and box-annealed 
sheet, which, having a much finer but tougher grain structure, also 
induced a certain amount of stiffness not heretofore encountered. 
This resulted in a buckling of the material in the dies having a large 
clearance, and, therefore, in order to use this stiffer sheet, dies were 
altered to take care of this change in processing. Now we have strip 
steel, which, although normalized and possibly box-annealed, has a 
much smoother surface and a greater tendency towards stiffness in 
forming than the normalized sheet steel, even though, as we have said 
before, both may have the same Rockwell hardness and may even 
show the same ductility value. 
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It must be expected that consumers will have to take care of this 
discrepancy and, therefore, we are led to conclude that they must 
either specify strip or sheet for the particular part intended, or make 
allowances in the adjustment of their dies for these two mechanically 
different processed products. Furthermore, the thickness of ma 
terial desired for the automobile body part should be specified in 
decimal thickness. If ordered in gage thickness, sheet and strip will 
vary, as sheet is rolled to United States gage and strip is rolled to 
Birmingham wire gage. The decimal difference between these two 
products for the same gage number, coupled with the allowable gage 
variations, will quite often cause breakage of the part even though 
the sheet or strip is quite capable of making the draw. 


IMPORTANCE OF MICROSTRUCTURES 


If the sheet and strip manufacturers are fully aware of th 
shape and depth of draw necessary for a certain automobile body 
part, they are able to produce the specified physical characteristics 
usually demanded by the consumer. However, in so doing, they us- 
ually rely on taking quick physical tests, such as Rockwell hardness 
and either Olsen or Erichsen ductility tests, as a means of record. 
However, if they are alert to the situation they will, along with these 
quick test records, examine and record grain structures. From that 
point on, the manufacturer must rely on the consumer to inform or 
let them observe the action of this steel under the presses, and from 
these observations, the mills can probably well duplicate the material. 

Fhe consumer, on the other hand, usually armed with only a 
very meager knowledge of sheet and strip processing, attempts to 
segregate good and bad shipments by hardness or ductility tests. In 
turn, the consumer specifies the various physical properties based on 
his observations of the test pieces taken from various parts of the 
shipments, which is often made up of several heats. Thus, Graves 


indicates (18) “the Rockwell test is an indication of tensile strength” 


and “have tentatively set a limit on hardness of B-43 and B-53 on 
normalized sheets and believe this to be the most desirable range.” 

We are of the belief that this is a rather wide range of hard- 
ness. Sheet and strip manufacturers know that they would have lit- 
tle difficulty in meeting this range of hardness limits, although it 
would be quite questionable as to whether the maximum and minimum 
of this range would work for the same part intended. A correct 


standardization of physical limits and even microstructures to be 
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olaced on sheet and strip is a goal yet to be attained, but we predict 
that operation in the presses, together with a specified grain size of 
‘he metal, will eventually supersede the present general chemical 
and physical specifications. However, before we ever reach such a 
specification, we must rely first on the heartiest co-operation between 
producer and consumer, as well as a better understanding by the con- 
sumer as to how his materials are made, and by the manufacturer as 
to how his product will be used. As the matter now stands, the only 
reliable test for ductility is a study of the grain structure of the 
material and the actual operation of the material in the presses, and 
this should be the only specification. From the standpoint of result- 
ing surface, the Erichsen or Olsen cup test proves a quick method of 
determining the appearance of the stamping as drawn to shape, par- 
ticularly at sharp corners and bends. The hardness of a sheet or 
strip is merely an arbitrary and comparative number as there are 
any number of means of processing whereby certain hardness value 
can be obtained, but with no assurance that the material will work 
satisfactorily. 


CONCLUSION 


We, therefore, predict, in conclusion, that the present trend of 
deep drawing sheets and strips will be toward a limited number of 
continuous strip mills, which will furnish to the automotive indus- 
try not only wide and thin gage strip after its own processing, but, in 
turn, will operate close to capacity and at a profit by supplying con- 
tinuously hot-rolled strip cut to length to form breakdowns for the 
conventional sheet mills. These strip mills will make profits only by 
the continuous rolling of large orders. 

The sheet mills, on the other hand, by their flexibility are in an 
excellent position to handle the nondescript orders with profit. By 
using pickled hot strip breakdowns instead of sheet bar, they will 
eliminate roughing mills and their attendant pair heating furnaces, 
increase their output, and decrease somewhat their processing costs, 
and above all, by utilizing these breakdowns, eliminate a great major- 
ity of their surface defects which have been attributed to hot loose 
rolling practices. Furthermore, means for giving sheet and strip a 
continuous low temperature anneal will eventually come, thus elimi- 
nating irregular physical properties brought about by the present 
mass box anneal. 


As long as the present distinctly different processing methods 
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exist between sheet and strip, we will always have a differential of 
stiffness and hardness between these two products. The consumer 
must make allowances for these differences, and while it means 
practically nothing so far as ductility, grain size, or depth of draw are 
concerned when comparing the two products, it does, however, in- 
fluence the type of punch and die setup. It has already been in- 
dicated by Kelley and others (19) that the high stiffness as char- 
acteristic of strip steels, causes an excessive wear on the dies. As 
these and other factors are gradually brought forward to the atten- 
tion of both the strip and sheet manufacturer, as well as the con- 
sumer, there will be a tendency towards fewer grades of deep and 
extra deep drawing materials. This, however, will come only when 
the sheet and the strip manufacturers are willing to divulge to their 
consuming public the basic knowledge of the manufacture and appli- 
cation of their sheet and strip steels, and furthermore, that the con- 
sumer, in turn, will study more carefully his equipment for pressing 
and drawing, and divulge such knowledge, in turn, to his suppliers. 
It is to be regretted that even though the basic and chronological 
order of both thermal and mechanical treatments of sheet and strip 
are more or less universal among the sheet and strip mills of today, 
such information is secretly held in abeyance which, in turn, is re- 


tarding the study of the art of deep drawing materials. Certainly 


we do not anticipate that the manufacturers will divulge their exact 
procedures of manufacture, but we do believe that the revelation of 
their basic processing will be not only found to be identical with their 
competitors, but will give the industry a sounder basis on which to go 
forward. 

Realizing that combined efforts will serve the automobile indus- 
try and its allies to distinct advantage, the author believes that if any 
such thought or action is derived from this particular paper, then 
its object has been accomplished. 
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EFFECT OF NORMALIZING ON THE GRAIN STRUCTURE 
AND PHYSICAL PROPERTIES OF AUTOMOBILE 
SHEET STEEL 


By WittiAM F. McGarrity And H. V. ANDERSON 
Abstract 


A brief description of the rolling and heat treatment 
of automobile sheets is given, and a resumé of the X-ray 
crystallographic method of examination of such sheets 1s 
described. Internal strains, grain size, grain orientation, 
and directional properties are clearly shown by this 
method of examination. Hot-rolled specimens of com- 
mercial automobile fender stock were treated at tem- 
peratures ranging from 1400 to 1800 degrees Fahr. X-ray 
diffraction patterns were taken at 100-degree intervals. 
Erichsen values gave a measure of the workability of the 
metal normalized from the various temperatures. 

Increase in preheating time made no difference in the 
resulting structure, while increase in the soaking time 
gave a slightly larger grain size and slightly higher 
Erichsen values. A rate of cooling slower than strictly 
normalizing resulted in a considerable increase in work- 
ability results. A temperature of 1700-1750 degrees 
ahr. gave the best X-ray structure, confirming photo- 
micrographs and Erichsen tests. Directional properties 

not completely removed after seven minutes soak- 
ing at 1800 deyrees Fahr. 


INTRODUCTION 


r ‘HE automobile industry has increased to such a great extent 
during the past twenty years, and the automobile manufacturer’s 
requirements for steel have become so exacting, that close control 


of the quality of the steel used must be maintained. The problem 
{ 


1 producing steel sheets which will meet these precise demands as 


This paper is based on a thesis submitted to the faculty of Lehigh University in partial 
lulhilment tor the degree of Bachelor of Science in Chemical Engineering. 
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rity is a member of the society, and is associated with the research depart- 
ment of The Youngstown Sheet and Tube Co., Youngstown, Ohio, H. V. 
\nderson is associate professor of chemistry at Lehigh University, Bethlehem, 
Pa. Manuscript received June 2, 1931. 
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\ 


to deep-drawing qualities, ultimate tensile strength, finish, etc, 
presents a real and wide field for constant improvement of process 
methods and examination of the finished product. 

The object of this investigation was to study the effect of nor- 
malizing upon automobile sheet steel by means of X-rays, photo- 
micrographs, and Erichsen tests. 


The term “normalizing” is defined as “air cooling from a temper- 


ature exceeding the critical range.” Its purpose is: 


1. To eliminate the crystalline deformations due to the rolling, 
To relieve internal strains. 
To obtain equiaxed grains. 
To obtain sorbite from the new fine-grained structure by 
the cooling, and thereby regulate the hardness and ductility 
of the material. 


Steel which has been cooled in still air (such as normalized steel) 
possesses a slightly higher ultimate tensile strength and a ductility 
often better than a similar steel which has been annealed. 

A typical continuous normalizing furnace for treating 20-gage 
material 30 inches wide and 72 inches long consists of a 100-foot 
heating zone followed by a 50-foot cooling zone. As pointed out by 
lawrence’, the speed at which the material can be conveyed through 
the furnace depends upon: 1—Hearth width and length of heating 
zone. 2—Carbon content of the material. 3—Elimination of inter- 
nal strains. 4—Grain size desired. 5—Temperature available in 







heating zone. 6—Rate of preheating. 7—Time of cooling. 8— 
Thickness of metal being heated. 

In the above furnace, the approximate speed is thirty linear feet 
per minute, so that the sheet would be subject to heating conditions 
for about three and one-half minutes. Of this, about two-thirds of 
the time is heating and one-third is soaking. 

The temperature in the normalizing furnace is usually held at 
1850-1950 degrees Fahr., the temperature of the sheet being 
1700-1800 degrees Fahr., depending on its condition and_ the 
heat treatment desired. It requires a sheet temperature of approx- 
imately 1750 degrees Fahr. to eliminate strains due to the rolling, 
and to produce a new grain structure in the metal. Certain condi- 
tions such as nonmetallic inclusions, banded ferrite, etc., will ap- 


1-E. S. Lawrence, “Continuous Heat Treatment cf Sheet Metal,’”’ Heat Treating ané 
Forging, Sept. 1929. 
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parently cause the metal to respond with some difficulty to the theo- 
retical critical temperature for recrystallization. For instance, 
a 0.07 per cent carbon steel should theoretically respond to treatment 
for internal strains, etc., when heated to 1650 degrees Fahr. In 
practice, however, a temperature approximately 100 degrees Fahr. 
higher must be used to accomplish this. 


Deformation 


Fig. 1—Relation of Grain 
Size and Germinative Tem 
perature to Deformation. 


We were primarily interested in the deep drawing properties of 
the sheets, hence the specimens were subjected to a cupping 
(Erichsen) test, the Erichsen values giving a measure of their work- 
ability. 

The workability of a sheet is directly dependent upon grain size 
and freedom from strain. When a hot-worked low carbon steel is 
allowed to cool undisturbed, the distorted ferrite grains will be spon- 
taneously annealed until the temperature has fallen to 1080 degrees 
Kahr. (930 degrees Fahr. if the deformation has been great). ‘The 
rate of cooling from the finishing temperature to the lowest temper- 
ature at which recrystallization takes place (the germinative tem- 
perature) therefore is of great importance in determining the final 
grain size. In continuous normalizing practice, sheets are cooled from 
1750 degrees Fahr. (955 degrees Cent.) to about 1000 degrees Fahr. 
(540 degrees Cent.) in approximately two minutes. 

The grain size is also directly dependent upon the amount of 
work the metal has received. Dr. Sauveur has graphically shown 


the resulting relative grain size with varying degrees of working, in 


>? 
ig. 1. The diagram shows that the grain is smaller and the ger- 
minative temperature lower, the greater the deformation. 
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\. T. Kathner and P. Damiron? point out that the greater the 


ditference between Ac, and Ac., the more chance the ferrite will have 
to grow upon cooling, since during the cooling the ferrite of the 
austenite will become free. The faster the cooling, therefore, the 
finer the grains, and the greater the hardness. Messrs. J. Winlock 
and G. Kelley have shown, as mentioned in footnote (3), that the 
stretcher strains which are to be found in those parts which have 
been deeply stamped are usually found in fine-grained sheets. Fine 
grains are not desirable for deep stamping, because of the hardness 


of the sheets which interferes with forming operations, and which 














wears the dies quickly, as well as because of the accompanying 
stretcher strains. Therefore, relatively slow cooling, such as is ob- 
tained in continuous normalizing, is desirable for certain operations. 

A characteristic sheet of 2l-gage (0.034 inch) thick extra deep 
drawing automobile fender stock was used in this investigation. The 


analysis of the sheet was: 


;; Mn S P 


End 0.06 0.39 (0.024 0.008 
Center ().07 0.41 0.035 0.009 


The difference in the analysis was due to the segregation in the 
ingot. Also the carbon content was slightly lower than was reported 
on the ladle analysis of the heat, indicating that the sheet chosen 
represented a position in the lower half of the ingot. 

In order to get some idea of the amount of deformation the 
steel investigated was subjected to, its rolling will be briefly outlined. 
The bars were handled two at a time in the initial or “breakdown” 
rolling. Each bar received about five single passes (1.e., first passes). 
The two pieces were then matched together and rolled as one, receiv- 
ing three such passes. At this stage the pieces were elongated to 
approximately two-thirds of the required length. The pieces were 
allowed to cool and then were pickled, after which they were dipped 
in a bath of finely divided charcoal and water to prevent sticking 
in the subsequent rolling. The “breakdowns” were next matched 


in three pieces, reheated, and then given three or four passes to 


elongate them to the required length, the three sheets being rolled 


A. T. Kathner, P. Damiron, “The Manufacture and Heat Treatment of Auto Bod 
Sheets.” Revue de Métallurgie, Revue Universelle des Mines, Nov. 1930, Vol. 5, No. + 
April 1, 1930. 


J. Winlock and G. Kelley, “Sheet and Strip Steel for Automobile Bodies 
TRANSACTIONS, American Society for Steel Treating, August, 1930. 
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is one. Samples investigated were only processed through the hot 
rolling operation, and no heat treatment or finishing work had been 
performed on them. 

The sheet was cut into middle and end portions. Due to the 
fact that the X-rays revealed a noticeable difference in the structure 
of the center and end specimens (Figs. 2 and 3) all samples used 
were taken from one position in the sheet. In this case, the samples 
were chosen from the end. 

The sheets were then normalized in an electric furnace, the 
temperature being measured with a platinum, platinum-rhodium 
thermocouple and potentiometer, and checked with a standard optical 
pyrometer. 

Due to the slowness in heating of electric furnaces, and in an 
attempt to duplicate actual commercial normalizing operations as 
closely as possible, as far as the preheating and soaking times are 
concerned, varying times of preheating and soaking at the various 
temperatures were carried out, and X-ray diagrams were obtained 
for each variation. Preheats from three minutes to three and one 
half hours were tried; also soaking times varied from one minute 
to seven minutes. The results of these trials briefly were that the 
preheating time made no difference in the final structure, while the 
time of soaking past three minutes gave a slightly larger grain size 
and further eliminated strains, slightly raising the Erichsen values. 

Oxidation of the sheet in the furnace was prevented by pieces 
of charcoal near the steel. Oxidation during cooling was overcome 
by constructing a nitrogen cooling chamber into which a small stream 
of nitrogen was constantly admitted. By means of a differential 
gage, the nitrogen was admitted at the same rate during all of the 
coolings. However, it was felt that the cooling which the steel re- 
ceived by this method made the process differ slightly from that of 
true normalizing. This was later verified by Erichsen values. Hence, 
in the final work, the samples were removed from the furnace and 
cooled in air, the resulting scale being removed by easy grinding when 
necessary. (The scale so formed was rather too thick for a pickling 
operation ). 

Later, specimens were heat treated using cover sheets of 18- 
gage material on top and below to prevent scaling in the furnace and 


to slow down the cooling. Erichsen values (Table 1) show a marked 


increase over the uncovered air-cooled sheets. The cooling rate was 
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X-RAY DIFFRACTION PATTERNS 
Fig. 2—Untreated Specimen (Center). 
Fig. 3—-Untreated Specimen (End). 


very comparable to that obtained in commercial continuous normal 
izing. 

The samples used for X-ray analysis were sheared from the un- 
covered heat treated sheet and were etched to 0.007 inch in a 20 per 
cent HNO, solution after first removing the scale. The center of the 


inch square specimen was the portion X-rayed, so as to eliminate an) 


effects of the cold working from the cutting on both sides. 


Table | 


Erichsen Values 
Numerical Results 


(Uncovered Sheets) (Covered Sheets) 
Value Value 
Sample mm. mm. 
Unheated (center) .. 7.43 
Unheated (end) 8.01 
1450 Degrees F 9.05 
1500 Degrees |} .30 
1550 Degrees |} ae 
1600 Degrees | .87 
1650 Degrees F:z 5 
1700 Degrees F 
1750 Degrees | 
1800 Degrees | 


Erichsen values (Table I) were obtained on the various pieces, 
giving a measure of the workability of the metal. Rockwell tests 
were made, but the results obtained gave too wide a variation for 
interpretation, due, most likely, to the thinness of the sheet. 
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X-RAY DIFFRACTION PATTERNS 

Air-cooled from 1450 Degrees Fahr. (785 Degrees Cent 
Air-cooled from 1550 Degrees Fahr. (845 Degrees Cent. 
Air-cooled from 1600 Degrees Fahr. (870 Degrees Cent. 
Air-cooled from 1650 Degrees Fahr. (900 Degrees Cent. 

In the X-ray analysis of the specimens, the pin-hole method was 
employed, using the characteristic radiation of molybdenum. ‘The 
central undeviated beam was blocked out by means of a lead button 
so as to register the greatest number of reflections at small angles. 
The exposure time was forty-five hours. A specimen-to-plate 
distance of five centimeters was employed. 

pieces, The specimens herein represented were normalized at temper- 
i aants . atures of 1450 to 1800 degrees Fahr., the time of preheating being 
or irom four to six minutes with a soaking time in all cases of three 


minutes. 
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X-RAY DIFFRACTION PATTERNS 
8—Air-cooled from 1700 Degrees Fahr. (925 Degrees Cent.). 
9—-Cooled with Cover Sheets from 1700 Degrees Fahr. (925 Degrees Cent.) 
10—-Air-cooled from 1800 Degrees Fahr. (980 Degrees Cent.). 
11--Air-cooled from 1800 Degrees Fahr. (980 Degrees Cent.). Showing Remaini 
Directional Properties 


RESULTS 


In the untreated sample, the difference existing between the 
end and center of the sheet is evident from Figs. 2 and 3. In Fig 
2, which represents the center of the sheet, it is seen that the in- 
ternal strains and directional properties are everywhere in evidence, 
although those in Fig. 2 are more pronounced and of greater inten- 


sity than those existing in the end of the sheet (Fig. 3). The in- 


ternal strains are shown by tne “radial asterism” proceeding from 
the center. 
The greater internal strain occurring in the center of the sheet 
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Air-cooled from 1600 Degrees Fahr. (870 Devrees Cent.). 

Air-cooled from 1700 Degrees Fahr. (925 Degrees Cent.). 
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is probably due to the fact that the crystals located in such a position 


have no direction whereby their strains can be relieved, 1. e., they are 


hemmed in, so to speak, on all sides. In the end portion, on the other 
hand, the crystals have one direction whereby their internal strains 
can be relieved. 

Directional properties are shown by the “fibering” or intensity 
spots on the diagrams. The greatly elongated grains are shown in 
Fig. 12. 

Figs. 4 and 5 (1450 and 1550 degrees Fahr.) represent the 
recrystallizing steel in a strained condition, having a relatively large 
uniform grain size. Fig. 13 is a photomicrograph of the steel air 
cooled from 1450 degrees Fahr. The ferrite grains are equiaxed; 
however, the sorbite, while broken up, still shows the direction of 
rolling. 

Fig. 6 (1000 degrees Fahr.) indicates that the steel now con 
tains small grains which have formed at this temperature as show: 
by the formation of the concentric rings. There are still some large 
grains present, however, as evidenced by the large size of the regis 
trations. The absence of the Debye-Scherrer rings in Figs. 4 and 5 
may be attributed to the fact that there is not a large enough pro 
portion of small grains to form such diffraction rings. Fig. 14 shows 
the large proportion of small grains which are present at 1600 de- 
grees Fahr., corresponding with the diffraction pattern of Fig. 6. 

Fig. 7 (1650 degrees Fahr.) shows fine equiaxed grains result- 
ing from the recrystallization at Ac,. There is a far greater pro- 
portion of small grains present at this temperature than was present 
at 16000 degrees Fahr., as can readily be seen by comparing the size 
of the registrations, and the increased continuity of the concentric 
rings, with Fig. 6. 

Fig. 8 (1700 degrees Fahr.) indicates that the grains are small 
and uniform as a result of the recrystallization. Fig. 15 is a photo- 
micrograph of the steel air-cooled from this temperature and shows 
comparatively small equiaxed grains. 

Fig. 9 (1700 degrees Fahr.) is the diffraction pattern of a sim- 
ilar specimen which was heated and air-cooled between 18-gage cover 
sheets. A larger grain size is noted from the size of the registrations 
in this diffraction pattern compared to Fig. 8. Likewise, there is no 
such amount of asterism or halation (signifying strain) in the slowly 
cooled sheet, as contrasted with Figs. 6,7 and 8. In the latter figures, 





y CONn- 
shown 
: large 
regis 
and 5 
h pro 
shows 
i) cle- 
, 

result 
r pro- 
resent 
1e size 


centric 


» small 
photo- 


shows 


a sim- 
cover 
rations 
e 1s nN 
slowl 


1gures, 


NORMALIZING SHEET STEE!I 149 


strains were undoubtedly present as a result of the air quenching 
from temperatures above 1550 degrees Fahr. The smaller amount of 
cooling strains in the slowly cooled sheets explains, to a great extent, 
the increase in Erichsen values. 

Fig. 16 is a photomicrograph of the steel slowly cooled from 
1700 degrees Fahr. A very uniform, equiaxed grain has been ob- 
tained which is very desirable for deep drawing operations. 


Strains from the rolling have been almost completely removed 





| No Deta 


Frichsen Value (MM) 


x Slowly Cooled 


o Ar (pn 








200 400 600 800 1000 1200 1400 1600 1800 
lempersture , Degrees Fahr. 


Fig. i8—Effect of Normalizing Temperatures On Erichsen Values 


by the recrystallizauion above Ac,. They are not completely removed, 
however, and Fig. 11 shows the remaining effects by the two inten- 
sity spots near the center of the diffraction pattern. 


N. P. Goss* has pointed out that, although complete recrystal- 


lization is effected in annealing a molybdenum wire, directional prop- 


erties still remain after weeks of heat treatment. 

Fig. 10 (1800 degrees Fahr.) contains a considerable amount of 
quenching strains. The grain size appears to be about the same as 
that of Fig. 8, but the halation masks the pattern to such an extent 
that definite comparisons would be unreliable. Fig. 17, a photo- 
micrograph of this specimen, shows the grain size to be too large 
and unsuitable for deep drawing operations. 

Referring to the curve of Fig. 18, based on values given in Table 
on ‘N. P. Goss, “Application of X-rays to the Study of Plastic Deformation in Steel 


res and Molybdenum Ribbon,” Transactions, American Society for Steel Treating, Vol. 
February, 1930. 
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[, it is seen that the Erichsen values for the sheets increase steadily. 


the sheet becoming softer the higher the normalizing temperature 
Slower cooling decidedly improved the workability of the steel. 
Since between 1700 and 1750 degrees Fahr. an Erichsen vah 


1p 
Lit 


well within the usual standard for 2l-gage, extra deep drawing sheets 
is obtained; and since the microstructures and X-ray diffraction pat- 
terns for both the air-cooled and slowly cooled sheets were very satis 
factory; it is concluded that 1700-1750 degrees Fahr. is best suited 
for normalizing such sheets. 


SUMMARY OF RESULTS 


A temperature of 1700 to 1750 degrees Fahr. was found by 
photomicrographs, X-ray patterns, and Erichsen values, to 
be the most favorable temperature for normalizing opera- 
tions. 

Slower cooling, effected by cooling the sheets between 18. 
gage cover sheets, gave an increase of approximately 10 per 
cent in Erichsen values. The grains remained small and the 
rupture of the Erichsen cup was almost completely circular. 
The X-ray diffraction pattern of the slowly cooled sheet 
showed a much more desirable pattern for deep drawing 
operation than did a similar sheet air-cooled. 

Increased preheating period had no effect on the structure. 

Increased soaking time at temperature gave slightly higher 
Krichsen values. 
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DISCUSSION 

Written Discussion: By Thomas Dockray, metallurgist, Eastern Kol! 
ing Mill Co., Baltimore. 

In discussions upon these papers we are taking every opportunity to discuss 
any debatable point presented, as we feel that there are many of these, know! 
and unknown. By this means it is hoped that a lively interest will be main- 
tained in these subjects prompting more and more sessions of this character 

In the beginning of this paper the term and definition of normalizing ar 





steadily, 


Crature 


: sheets 
On pat- 
‘y Satis 


1 


t suited 


und by 
lues, to 


Opera- 


pen 18- 
10 per 
and the 
rcular. 
1 sheet 


lrawing 


‘ture. 


higher 


gstown 

study. 
allurgy, 
» Prof 


eciated 


rn Roll 


» discuss 
, know! 
ye main- 
haracter 


zing art 


DISCUSSION—NORMALIZING SHEET STEEI 151 


The first furnaces for normalizing were correctly named, for in this 
<e the sheets emerged from the furnace into the air from above the critical 
mperature. However, the latest type of furnace has a cooling zone of say 50 
sade in length subsequent to the normalizing zone, the effect of which is to 


oradually reduce the temperature of the sheet to about 1300 degrees Fahr. 
it comes into contact with the air and is quickly cooled. Can we then 


when 


ioply the term “normalizing” to this operation ? 


The original type of normalizer is still in use and because of this fact 


the assertion that the purpose of normalizing is to obtain equiaxed grains among 


other things, when applied to the usual thickness of sheet made, is hardly cor- 
rect. A fairly equiaxed grain can be obtained with a very low carbon sheet 
(0.04 per cent carbon) on air quenching, but with say 0.10 per cent carbon 
the structure is different; in this case a martensitic influence can be seen in 
the long grains. (Fig. 1.) The same type of sheet normalized at the same 
temperature in a furnace with a cooling zone which allows time for a read- 
justment of the structure by the slow cooling, has a more equiaxed grain, the 
extent depending upon the rate of cooling. (Fig. 2.) 

However, with a furnace without a cooling zone the structure with a 
l6-gage sheet will be different from that of a 20-gage sheet because the extra 
thickness slows down the rate of cooling which has its effect upon the structure, 
which approaches more to an equiaxed type. 

The term normalizing was conceived in relation to material of appreciable 
thickness but the generally stated effects are not accurate when considering the 
lighter gage sheets where, instead of a slow air cooling from the upper critical, 
there is a quenching action. In like manner when cooling is performed in a 
cooling zone the definition does not pertain to the process; it would seem that 
a new term is necessary which will convey a better idea of the actual cycle 


performed and results obtained to the mind of one not familiar with the process. 


It is stated that “fine” grains are not desirable for deep stampings because 
ot the hardness of these sheets. In the first place it would be interesting to 
j . . “or 99 . ° ° 
know the magnitude of a grain called a “fine” grain. A normalized grain 
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ary 


contrasted to some large grains obtained in box annealing can be called a fin, 
grain, and yet many box-annealed sheets by proper rolling and annealing 


ditions can approach the fineness of a normalized grain. Of course normalized 


grains can be obtained in different sizes showing a bigger contrast than ax 
shown in Figs. 1 and 2 but it is the writer’s opinion that this difference 9; deal 
grain size shows very little difference in the intensity of stretcher strains. a 
As explained by Winlock and Kelley in the article referred to, with 4 
large grain there are wider, local depressions formed at the yield point thay 





beca 
ened 
with a fine-grained sheet due to the greater heterogeneity of the gliding planes atur 
in the latter and consequently a greater number of separate areas of slip per 
unit surface area. The difference is in the number of strained areas but not in 
the total amount of strain deformation. In our opinion stretcher strains in a 
normalized sheet or even a box-annealed sheet of a good grain structure ar 
a function of the amount of plastic deformation produced in a sheet by cold 
work previous to stamping and not of the grain size. 

Greater hardness is ascribed to a fine grain. This may be so if the two 
types have been submitted to identical processing but it is generally found that 
a plant will standardize upon a certain range of grain size and annealing js 
performed in order to obtain the maximum softness in this sheet. The de 
crease in hardness obtained by annealing is not obtained by grain growth but 
by eliminating the effect of the relatively quick cooling from the normalizer. | Fah 

The two types of grain structure shown in Figs. 1 and 2 are produced 
regularly at the plant of the writer, but with practically the same annealing, 
the same hardness values and performance are obtained with a cold-rolled last 
sheet. dep 
In the treatment of the specimens they were removed from the experi wit! 
mental furnace and cooled in air and this operation sometimes caused a scale 
too thick to be removed by pickling. This method and the physical charac- : carl 
teristics found could hardly be deemed analogous to those found after a sheet 
had traversed a normalizer with a cooling zone. In our experience the air 
quenching and the cooling zone normalizers produce different physical prop- 
erties in the same sheet. And could this difference in cooling not be included ay eSSi 
in the X-ray patterns? con 

In the X-ray examination samples were taken from the end of the sheet- 
would this give an accurate conception of what happened in the center of the 
sheet? Moreover would these samples apparently from the bottom of the 
ingot give the same reaction as samples from the top of the ingot where seg- 
regation would be pronounced ? 


The samples were small and the deductions arrived at were from a sta- 


tionary condition in a small furnace. It is hardly possible to apply these de- 


ductions to sheets of much larger dimensions passing through an enormously 
larger production furnace. Has the author ever watched the progress of a 
sheet through a normalizer and observed that parts of the sheet heat quicker 
than others, so that even in the normalizing zone a spotty condition can be 
seen with the areas varying as much as 50 degrees Fahr. and more? Per- 
sonally I prefer to do my experiments with a full sized sheet going through 
the regular process, as I am convinced that true deductions cannot be obtained 
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‘rom a laboratory furnace whose size is infinitesimal compared to the produc 
tion furnace. 

Deductions have been made from several samples taken from a “charac 
teristic’ sheet. This word prompts the question as to what is a characteristic 
sheet. These sheets are made in packs of three and it is patent that the middle 
sheet has different properties after rolling to length than the outside sheet, 
because this sheet retains the heat longer than the outside sheets and so is hard- 
ened to a different extent by the rolling. Because the germinative temper- 
ature of the new structure varies with the amount of stress put into the steel 
it occurs to me that the X-ray would show that an outside and an inside sheet 
of a pack would respond differently to the normalizing. It would be interesting 
to know if the author has any information in this respect. 

Written Discussion: By H. M. Cox, metallurgist, Michigan Steel Cor 
poration, Detroit. 

The use of X-ray examination will without doubt bring to light many 
of the reasons for nonuniformity in drawing quality of flat-rolled products. 
lo bring its full value to the attention of those interested we suggest a paper 
by these authors showing samples of identical microstructures where a marked 
difference is shown by the X-ray. 

We check very well the proper temperature for normalizing, 1700 degrees 
Fahr. being the low limit for satisfactory results and feel a slightly higher 
temperature, say near the upper limit shown in the paper, to be much safer in 
practice. 

In regard to preheating having no effect on final grain size this of course 
depends on the preheating and also the normalizing. Where analysis is known 
within narrow limits and cycle can be controlled as in a laboratory furnace 
no doubt little effect will be shown by preheating except in case of very low 
carbon material, but in case of commercial normalizing furnaces where condi- 
tions are usually such that size of grain is more or less set for average condi- 
tions, the condition of material before normalizing does affect final grain 
size. However, since to produce such a condition actual grain growth is nec- 
essary in preheating, the authors are right as far as present normalizing is 
concerned. 

Written Discussion: By R. L. Kenyon, supervising research engineer, 
\merican Rolling Mill Co., Middletown, Ohio. 

This paper shows the progressiveness that is being evidenced on the part 
of sheet manufacturers in applying modern tools such as X-ray studies to the 
problem of producing deep drawing steel sheets. There are some statements 
in the paper, however, with which the writer is not in entire agreement. 

Contrary to the statement on page 141, a sheet temperature considerably 
below 1750 degrees Fahr. will eliminate strains due to rolling if the amount 
of cold working is sufficient. To accomplish the A; transformation it is neces- 
sary to go somewhat above 1650 degrees Fahr. but this depends on the rate 
ot heating, or perhaps more accurately stated, it depends on the time above 
1650 degrees Fahr. In continuous furnaces it is necessary to raise the sheet 
temperature to about 1750 degrees Fahr. in order to accomplish this transfor- 
mation because of the short time of heating. 


lt is unfortunate that specific reference to source was omitted in connec- 
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tion with Kathner and Damiron’s reported findings in regard to the differen 
between Ac; and Acs affecting grain size. 

Written Discussion: By Wilber E. Harvey, department of metallurg 
Lehigh University, Bethlehem, Pa. 

It would seem after reading this paper that again the successful us¢ 
X-ray in metallurgical problems has been proven. The’ results obtained | 
Messrs. McGarrity and Anderson by X-rays seem to corroborate their meta! 
lographic and physical tests very nicely, and substantiate that the X-ray ¢, 
be made a valuable adjunct to the metallurgists’ equipment. Not only does ¢| 
X-ray analysis agree with the microscopic revealings in this paper but t¢! 
X-ray digs one bit further into the internal properties of the sheet steel under 


study. While all the strain and directional properties seem by a microscop; 


study to have been removed by a 7-minute normalizing at 1800 degrees Fahr 
as shown in Fig. 17, the X-ray reveals that the directional properties caused }y 
rolling have not entirely disappeared. That the X-ray should develop such r 
sults which the microscopic examination fails to reveal is not surprising wher 
it is considered that the X-ray examines the actual finite internal structur 
comprising the material while the microscopic examination is a surface ey 
amination. It is from this standpoint that the two methods oi examination i: 
conjunction with each other form such a valuable series of tests. While at 
present this piece of information concerning directional properties may hay 
no absolute commercial value, it is a valuable piece of knowledge to possess 
The paper seems to be of scientific interest only, yet it certainly impresses 
that the combined use of metallographic and X-ray equipment forms a poweriul 
aid to the modern laboratorian. 


Authors’ Closure 


We are hesitant about even attempting to suggest a more explanatory tern 
for such a normalizing process as is mentioned in Mr. Dockray’s excellent 
discussion, yet we fully agree that one is needed to convey the impression of ; 
slower cooling. “Continuous Normalizing” seems to contain some inkling that 
the cooling is not as fast as an air quench; however, if the authors might sug- 
gest a more explanatory term, it would be “Normannealing.” Perhaps this 
would convey the desired impression of slow cooling from a temperature ex- 
ceeding the critical range. 

Rates of cooling from different temperatures have quite a noticeable in- 
fluence upon the X-ray patterns. Fig. 9, made shortly after the preprint was 
published, illustrates this effect. The grains are larger and more equiaxed 
when the specimen was slowly cooled, and the internal strains which were set 
up in all specimens air-cooled from above 1550 degrees Fahr. were completely 
obliterated by the slower cooling. 

As yet, we have no definite information as to whether or not samples 
from the bottom of the ingot give the same reaction as samples from the to 

It is unfortunate that it was not possible to carry out the experiments on 4 
large scale as is mentioned; however, we believe that an averaging of different 
pictures made on samples selected from similar sheets and treated even in @ 
small furnace will show a definite trend, and basic information obtained fron 
these observations could then be verified by a large scale test. 
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PLASTIC DRAWING OF SHEET STEEL INTO SHAPES 
By E. V. CRANE 
Abstract 


Extreme plastic movement or rearrangement of metal 
(cold) is illustrated in drawing round shells. Principles 
developed there may be applied also to rectangular and 
irregular shapes. The primary stress 1s the tensile stress 
in the shell wall which is rarely in the necking range and 
often below the yield point. The resultant compressive 
stress in the flange area during drawing must always ex- 
ceed the annealed yield point and often rises to necking 
range stresses well above the nominal ultimate tensile 
strength. The extensive metal movement in this area 
causes strain hardening of the crystal structure at a pre- 
dictable rate. Press operations and drawing operations in 
particular, require development of plastic working theory 
and physical properties which describe the metal above its 
annealed elastic limit. Such data assist in explaining the 
troubles met with and the limitations upon drawing op- 
erations. 


\ \ 7 E know that drawing operations were being performed on 


sheet metal near the middle of the last century. A design 


for a drawing press employing weights for blankholding is said to 
have been brought from France in 1860. Double action presses using 
cams for the blankholding function appeared in the catalogs of two 
or three of the young press companies in 1872. 

The great bulk of our drawing operations are performed cold 
and involve extensive rearrangement of the metal structure. This 
plastic movement occurs, of course, entirely beyond the elastic limit, 
or yield point, of the metal and is carried on well into the necking 
range of the tensile test, and often practically to the point of stress 
represented by the fracture at the neck in the tensile test. We are 
inclined to believe at present that valuable concepts and data with 
reference to drawing operations may be developed from further 
investigation of certain theories of plastic working. We will en- 


\ paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, E. V. Crane, is staff 
engineer with the E. W. Bliss Co., Brooklyn, N. Y. Manuscript received June 
20, 1931. 
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deavor to review briefly first the manner in which the metal is moved 
in drawing operations and then the troubles which appear in the 
production of drawn parts with reference, where necessary, to the 
plastic working theories. 


PLAstic MOVEMENT IN DRAWING 


The drawing of a round shell is the best starting point for an 
analysis as it involves entirely balanced stresses. Thus, Fig. 1 shows 


such a shell partially drawn through in tools which are cut away to 


Fig. 1—In Drawing from a Flat Blank to a Cylin- 
drical Shell, the Metal is Rearranged in the Flange 
Area by Plastic Cold Working with Accompanying 
Strain-hardening. 
show their action. The blankholding ring holds the flat blank or disk 
against the surface of the die to prevent the formation of wrinkles 
while the punch descends to draw the metal into a cylindrical shell. 
If, before starting the draw, two straight lines had been drawn 
upon the flat disk spreading at an angle of about 15 degrees from 
its center, they would now appear as indicated by the lines marked 
with arrows. In the bottom of the shell they show that the metal 
has not been disturbed. In the side wall they have become parallel, 
indicating the greater and greater distortion as we proceed up from 
the bottom of the shell. In the flange they maintain their original 
angular relation but are drawing closer and closer together as the 
flange is drawn in and its circumference is reduced. Obviously, the 
most severely worked metal is that around the outside periphery of 
the blank which has been rearranged so that the circumference has 
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come in the shell perhaps a half of what it was in the blank. 

(he movement of the metal which the lines indicate suggests 
the stresses involved. The vertical arrows denote the tensile stress 
‘1 the side wall of the shell which is due directly to pressure of the 
drawing punch against the bottom of the shell. The two arrows 
on the flange indicate the crowding, or compressive stresses set up 
in that area as the circumference of the blank continues to be re- 
duced. It is this induced compressive stress in the flange which must 
exceed the yield point before rearrangement of the metal begins and 
which is directly responsible for the actual metal movement. The 
compressive stress 1s, of course, a resultant of the tensile stress over 
the drawing edge, and, as the flange becomes narrower and narrower, 
the tensile stress becomes proportionately lower. Our tests indicate, 
for example, that, in an extremely low shell, the tensile stress in the 
side wall may be materially below the annealed elastic limit. 

Fig. 2 illustrates, by way of example, the distortion of metal in 
drawing a rectangular shape. The original blank at the right is rec- 
tangular in shape with the corners sheared off on a radius. Refer- 
ence to the drawn shell at the left will show that the sides of the 
shell have been pulled in along reasonably parallel lines in the cen- 
tral part of the shell. As a matter of fact, we find that this metal 
has been subject only to the plastic working involved in bending over 
the corner radii. Except in a few cases where shapes are shallow, 
the metal is not pinched hard and is not subject to either stretching or 
squeezing together along either the vertical or horizontal center lines. 
The corner area would seem to be directly comparable to round 
drawing work in which very considerable compressive rearrange- 
ment in the flange is necessary. For practical purposes, this is the 
case, but not quite the same stress intensities are involved as a cer- 
tain amount of the surplus metal is moved out into the adjacent 
straight portions of the side where there would otherwise be no com- 
pressive stress.e This nonuniform distribution of stresses in the 


flange of the shell where the plastic rearrangement is taking place is 


naturally a source of possible trouble, especially with reference to the 
formation of wrinkles. 


Tue TENDENCY TO WRINKLE 


[his tendency to form wrinkles at various points in a drawn 


shape is one of the principal troubles encountered in drawing opera- 
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Fig.2—In Drawing a Rectangular Shape, the Compressive Stresses which Reshape 
the Metal are Localized in the Corner Flange Area. 


tions. Fig. 3 is arranged in an effort to show why wrinkles form 


in the flange of a shell which is being drawn. Two positions of the 


same volume, or section, of metal are shown in plan at “a,” in section 
at “b,” and in an edge view of the flange at “c.” The dotted lines 1n- 


dicate the original position at the start of the draw while the solid lines 
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(g) 


Fig. 3—Rearrangement of the Same Volume of Metal (dotted 
to solid positions) in a Shell Flange (a,b,c); Wrinkle Formation 
and Up-thrust (c,d,e); Advantage of Relatively Thick Material in 
Resisting Buckling (f,g). 
show the position with the draw approaching completion. The arrows 
in views “a’’ and “c” indicate the compressive stresses (above the 
yield point) which must be developed in the flange to compress the 
metal into the progressively smaller circumference. The arrows in 


view “b” indicate the tensile stresses in the side wall which may be 


considered to be pulling the metal into a narrower and narrower 
wedge-shaped space, as indicated at ‘‘a.” 

The condition at ‘‘c’”” may be compared with that in a structural 
column which is loaded beyond its elastic limit and is gradually being 
squeezed down plastically. If the column is thick and short, as at 
“tf,” it may become thicker and shorter without buckling. That is the 
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condition found in trying those brake drums and first-operation hubs 
( see Hig, +) where the metal is so thick relative to the diameter and 
depth of the shell that no blankholding pressure is required, 

Qn the other hand, if the column is long and thin, as at 
will undoubtedly buckle and bend to one side under the load, though 


the load per unit of area is no greater than in the previous cas % dis 
to 
Fig. 4A Blank Which is Sufficiently Thick Relative 
to its Diameter to Preclude Wrinkling may be Drawn 
Without a Blankholde 
This parallels those relatively thin blanks which must be held flat t 
prevent buckling under compressive stresses. 
The initial buckle, or wrinkle, is due to some lack of uniformity 
in the movement or resistance to movement in the cross section oi 
the metal. The plastic movement in the individual crystal takes plac 
by an angular slippage. It may therefore be seen that a large crystal 
or group of crystals of especially favorable orientation, may reduc 
the resistance locally on one surface of a blank or on one side of a 
column and tend to cause a buckle, or wrinkle, toward the other side. os 
\ blankholding pressure sufficient to resist or compensate for this qu 
nonuniform movement would prevent the buckle. “el 
Once the wrinkle starts, the perpendicular component of th <i 
compressive stress increases rapidly, as shown at ‘“‘d” and “e’’; also, s po 
the growth of one wrinkle tends to raise the blankholder from th : aa 
surface of the metal so that others can form more easily. th: 
It is possible that the reason for the reduced tendency to wrinkle 
in such single action drawing jobs as that illustrated in Fig. 4 and fla 
Fig. 3-f is that the metal is so thick relative to the average grain size th, 


that nonuniformities in the distribution of large and small grains, or 


of grains of varying crystal orientation, are averaged out so that th 


stresses are practically uniform. Single action drawing and redra\ 
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describes operations in which no blankholding function is re 


guired as compared with double action drawing and redrawing where 


4 blankholder becomes essential to prevent the appearance of wrinkles. 

Fig. 5 shows a chart prepared tentatively from existing data as 
means of using the relation between the metal thickness and the 
diameter of the blank, or the previous shell in the case of redrawing, 


to determine how much of a reduction may be made in single action 
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Fig. 5—Tentative Limits Upon the Maximum Re 
duction, Single Action or Double Action, in Draw 
ing and Redrawing Based Upon the Relation of 
Metal ‘Vhickness to Diameter of Blank or Previous 
Shell. 


or double action tools without causing wrinkles. Such a chart is 
quite empirical, and as comparatively few data have been collected 
with specific reference to arranging such a chart, alterations in it may 
readily be possible. It is suggested that those interested plot as a 
point on this chart the relations between metal thickness, initial blank 
or shell diameter, and per cent reduction for the various jobs going 
through their shops. 

The foregoing refers to the tendency of metal to wrinkle in the 
flange during drawing. A similar tendency to wrinkle is found in 
the side walls of shells being drawn from a flat blank directly into 
a tapered shell. This is because the inside diameters of the blank- 


bo Se s t . ° . : 
holding and drawing rings are determined by the largest diameter 
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ruar 


of the taper whereas the metal is being drawn down by the nose of 
the punch, which is equal in diameter to the small end of the taper, 


There is, then, a considerable area in which compressive reducing 
stresses are created similar to those occurring in the flange, but with- 
out any possibility of a blankholding action to make the metal upset 
rather than buckle. If, then, the metal is thin relative to the width of 
the unsupported area, wrinkles are practically certain to occur. For 
that reason, many tapered parts are drawn first to a stepped profile 
of smaller diameter than the taper and then expanded, or stretched, 
on the nose of a drawing punch into the tapered shape, as in the 
stretching operation there are no wrinkle-forming stresses. 

It may be noted also that, at the beginning of any drawing opera- 
tion, there is an unsupported area of blank from the outside edge of 
the radius on the draw die to the inside edge of the radius on the 
nose of the drawing punch. As these radii are usually relatively 
small, this total distance is also relatively small compared with the 
metal thickness and the tendency to wrinkle is negligible. Cases are 
found, however, in which the radius on the nose of the punch, for 
example, may be considerable and the metal is relatively thin, with 
results that wrinkles will form. Whenever wrinkles of any sort form 
in any drawing operation, it is practically impossible to remove them 
entirely. They may be flattened down in a stamping operation, or 
pounded out by hand, but it is usually much simpler and more ei- 
fective to so arrange the operations that the wrinkle may be pre- 
vented from forming. 

Fig. 6 suggests another class of wrinkle formations which 1s 
really related, however, to that just described. In many irregularly 
shaped drawing operations where there are reverse curves as in the 
fender shown, conditions may be found which may not be avoidable 
wherein some portion of the metal is subject to movement in com- 
pression over an area where blankholding to prevent wrinkles can- 
not be arranged. More often, however, it is possible to so design the 
blankholding surfaces with relation to the drawing profile that the 
metal which cannot be held flat between blankholding surfaces 1s 
always in tension over a punch or pad surface. 


MetTAL SURFACE MARKINGS 


A number of distinctly different markings are recognizable on 
the outer surface of drawn shells to indicate what has been done to 
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that the Restrained Between Blankholding Surfaces, is Likely to Cause Wrinkles Unless it 1s 
” Thick Relative to the Unsupported Area. 


rfaces 1s 
them. Thus, a burnished or polished outer wall surface indicates 
ironing, or reduction in wall thickness by using a clearance between 
the drawing punch and die which is less than the metal thickness. If 


the polish extends only part way down the shell, the clearance between 


izable on punch and die is probably about equal to the original metal thickness 


1 done to 
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and the ironing is merely the removal of that natural increase jp 
thickness due to drawing. Ironing to remove pits due to pickling or 
tumbling, or to burnish the whole length of the side requires a die 
clearance considerably less than the original metal thickness and a 
relatively low drawing speed (for steel, say, 20 or 25 feet per min- 
ute). lroning will also burnish over surface cracks but will nor 
remove the weakening effect of their presence. 

Vertical surface scratches indicate that metal has picked up, or 
welded, on the drawing radius of the die. The cure may be repol. 
ishing the ring, or using a harder ring or a ring of some other metal. 
or a better lubricant, or 1t may be that the press must be slowed down. 
A considerable collection of data indicates that, under normal condi- 
tions, picking up on the die is almost unavoidable at actual drawing 


speeds in excess of 50 or 60 feet per minute of drawing velocity. 


Differences in lubricant, drawing radius, metal thickness, die mate- 
rial, and cleanness of the metal surface will affect this speed limit to 
a certain extent. 

Vertical cracks frequently start down from the raw top edge of 
the shell if the particular metal is being cold-worked excessively be 
tween anneals. The cure is usually more frequent annealing, less 
severe reduction, or better material. If the cracks do not appeai 
until hours or weeks after drawing, the phenomenon is called season- 
cracking. The causes are the same but the action may be aggravated 
by traces of unremoved pickling acid. This acid, particularly in moist 
atmosphere, is said to react to free hydrogen which is absorbed by 
the metal and seems to lower the atomic cohesive strength along the 
grain boundaries and make the metal brittle. 

Frequently, the surface of bright-finished stock will show evi- 
dences of the internal working which the metal has undergone. ‘Thus, 
over a corner radius and up the side, the surface may change to a 
dull finish with the appearance of a pebbled surface or a series of 
tiny bumps under magnification. Here a relatively limited internal 
movement has apparently been sufficient to cause a twisting of groups 
of crystals through slip plane movements. 

Extremely severe cold working of the metal will often produce 
a shell wall showing many minute fractures on its surface. This 1s 
an indication that too great a reduction is being taken between anneals 
or that the metal being used strain-hardens too rapidly for the par- 
ticular operation, which, of course, amounts to the same thing. The 
plastic working of the metal has been carried to such a point that all 
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wvailable slip planes have been used up and fractures are beginning to 
occur both on the surface and in the internal structure. Such frac- 
tures cannot be removed by any annealing process. 

Reference should also be made to stretcher strains, or alligator 
skin markings on the bottom of the shell or on such shallow jobs as 
that shown in Fig. 7. This illustrates a cross section of the operation 
in drawing a casket top or vault top. Many automobile body opera- 
tions fall into the same class, as the metal must be pinched very tightly 


Fig. 7—-A Relatively Low Drawing Pressure but High 
Blankholding Pressure is Required in Stretching a Shallow 
Skape. 


around the flange and stretched slightly beyond its elastic limit to 
make it hold its shape. When such metal has a high surface finish 
and yet is very soft and free from strain hardening, the slight move- 
ment of the metal involved may not be uniformly distributed over 
the whole area, but localized along lines which leave patches and 
irregularly shaped spaces untouched. The most effective cure for 
this trouble appears to be to run the sheets through a roller leveller 
or straightener to strain harden them a small but uniform amount 
just before the drawing operation is performed. Other surface 
markings due to appearance of wrinkles which are subsequently 
ironed out to a considerable extent, and wrinkles due to short radii, 
etc., are more or less obvious and need not be discussed. 


SHELL BREAKAGE AND REDUCTIONS 


Shell breakage by tearing the bottom out is usually traceable to 





166 TRANSACTIONS OF THE A. S. S. T. Febru: 


an excessive reduction. Referring back to Fig. 1, it is a case of too 
wide a flange, or perhaps too severely strain-hardened a material, so 
that the tensile stress in the shell wall exceeds the stress at which 
necking is likely to occur in the tensile test performed at equal speed. 
sreakage may also be hastened in such a case by die construction on 
previous operations, especially the use of too small a punch radius on 
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Fig. 8—The Circles Representing Shell 
Diameter and Blank Diameter; Compressive 
Stresses in the Flange Area Exceeding the 
Yield Point Cause Equal Total Tensile 
Stress Projected Along the Same Cross Sec- 
tion Line. 


a previous reduction so that the metal has been unduly thinned out at 
the corner. Fig. 8 has been arranged to illustrate the relation between 
compressive stresses fn the flange and tensile stresses in the wall 
according to the relation between blank diameter and shell diameter. 
An experimental confirmation of this theory is offered in the curves 
shown in Fig. 9. Referring to Fig. 8, assume that “D”’ indicates the 
blank diameter and ‘‘d”’ the shell diameter and represent along some 
line through the centerline of the shell the compressive stresses oc- 


curring in the flange designated “S, The resultant tensile stresses 
over the drawing radius are represented by radial arrows “S,”. It 
has been shown mathematically that the component of these radial 
forces along the cross section line is equal to the unit tensile stress 
times the small diameter ; that is, the total compressive stress may be 
expressed as S, * (D-d), and the total tensile stress projected along 
the same section line may be expressed as S;  d. As the tensile 
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tress over the radius is the resultant of the compressive stress in 
the flange, we may equate the two expressions and give the value 


St = Se (D-d) / d. 


To this we add an allowance for bending the metal over the die 
radius and for friction losses under the blankholding surface in the 
development of the formula for drawing pressure. This develop- 
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Fig. 9—-Effect Upon the Unit Stress in the Shell 
Wall of Drawing 5, 5%, 6, 6%, and 7 inches in Di- 
ameter Blanks Into 334-inch Diameter Shells. Com- 
pare with Elastic Limit and Nominal Tensile Strength 
of the Metal. 
ment is cited to show that in the case of a 50 per cent reduction when 
d = 0.5 D the compressive stress in the flange and the tensile stress 
over the radius are theoretically equal, yet the compressive stress 
must exceed the yield point of the metal before the drawing opera- 
tion can really start and the tensile stress over the radius should not 
exceed the yield point by any great amount so that the shell wall 
will not be reduced in thickness. This places at 50 per cent the 
maximum reduction per operation even of metal which is sufficiently 
ductile to stand it. 
Chere are, of course, some modifying considerations to this 


analysis as the metal in the flange strain hardens and 5S, increases 
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from the yield point to the absolute ultimate strength at which all 
slip planes have been used up, a stress which is much higher than the 
nominal ultimate tensile strength. Accompanying this increasing unit 
stress, however, is the decreasing width of the flange which has a 
considerable compensating influence. The conditions are somewhat 
modified in certain cases by the use of relatively large punch and 
die radii which permit some stretching of the metal and start the 
flow gradually from the center rather than simultaneously across the 
whole flange. Cases which permit thinning of the shell wall beyond 
that which results from bending over the die radius, will sometimes 
show reductions in diameter in excess of 50 per cent, but these are 
relatively rare. Fig. 9 shows the recorded unit stress in the shell 
wall with reference to the elastic limit and nominal ultimate tensile 
strength for various per cent reduction in drawing a 3.75 inch diam- 
eter shell from 16 gage steel. It will be noticed that the greatest re- 
duction, 46.5 per cent, resulted in shell breakage toward the end of the 
reduction due to the use of material (deep drawing steel) without suf- 
ficient ductility for so much plastic working. The stress in the side 
wall of this shell exceeds the nominal ultimate strength as obtained 
by the tensile test. The actual ultimate strength of this same material 
is believed to have been about 95,000 pounds per square inch, a 
stress which was probably developed in the flange area before failure. 


3REAKAGE DUE TO STRAIN HARDENING 


In arranging drawing operations, an aluminum manufacturer 
advises that he can perform three operations without annealing. An- 
other manufacturer shows two severe redraws in steel, giving a total 
of 59 per cent reduction between anneals. A microscopic examina- 
tion of the shell wall indicates that the material has been overstrained 
as internal fractures are apparent. A steel of higher carbon content 
might readily stand only half of this reduction before failing in a 
similar manner. 

The amount of cold working which a metal will stand between 
annceals depends upon the rate at which it strain hardens. We have 
submitted data before the Institute of Metals, and in a more recent 
and considerably more extended discussion in the Jron Age, to show 
that, at a given temperature, a given metal will always strain harden 
at the same rate and to the same extent whether it is worked in ten- 
sion or in compression. A means offered there for expressing per 
cent elongation, or per cent reduction in common terms, is a simple 
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logarithmic scale. Tentative rates of strain hardening for a few of 
the common metals are shown in Fig. 10. These are plotted against 
the actual unit stress resistance or unit strength of the metal on one 
coordinate and per cent reduction in section area, shell diameter, or 
sheet thickness on the other. The lower limit shown for each metal 
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Fig. 10—Tentative Rate of Strain Hardening Curves 
at Room Temperature for Some of the Common Metals 
Showing the Flastic Range and Change of Stress. 


is the commercially annealed state often designated as “soft” or 
“extra soft temper.’ Annealing might readily be continued further 
and further toward the single crystal state carrying the curves on 
down toward zero yield point at the origin. The upper limit in 
each case is the point at which all slip planes have been used up and 
internal fractures are likely to appear. The development of actual 
test curves will depart to a small extent from these curves both at 
the lower limit and the upper limit, but for theoretical purposes this 
may be neglected as it does not affect their practical use. The curves 
are continued to the point of their theoretical intersection with the 
\O0 per cent absolute reduction line. This value, designated as 

1.00, may be used for reference as the rate of strain hardening 
at a given temperature. 


\ 





[TRANSACTIONS OF THE A. S. S. T. Febru 
Fig. 11 shows an example of the actual use of one of these 
curves, namely, the one shown for 0.10 per cent carbon steel. The 
shell, of about 14 gage, was blanked and drawn from S.A.E. 1010 
extra deep drawing steel. This shell was then annealed and re- 
duced in two draws by a total amount of 59 per cent. The two heavy 
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Fig. 11—To Illustrate the Use of the Tentative Strain 
Hardening Curve for S.A.E. 1010 Steel. Stress Curves 
are Drawn in for a Shell Commercially Reduced 59 
Per Cent in One Anneal. 


curves in Fig. 11 represent the compressive stress in the shell wall 
rising elastically to a theoretical yield point at the rate of strain hard- 
ening curve and then following that curve plastically to the point 
where the shell will be removed for the next draw. In the reduction, 
the stress rises elastically to the point reached at the end of the pre- 
vious draw and continuous with the plastic movement along the rate 
of strain hardening curve to the completion of that reduction. There 
is a slight departure of the actual yield point from the theoretical 
yield point which is greatest in the annealed state. The resistance 
of the material rises during the 59 per cent reduction from 50,000 to 
about 85,000 pounds per square inch. It is interesting to note that 
specifications of this steel call for 55 per cent to 65 per cent reduc- 
tion in the tensile test which brackets the 59 per cent reduction ob- 
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tained. A cross section of the shell well after the last reduction 
showed minute internal fractures indicating that all slip planes had 
heen used up and a serious fracture was imminent. 

The commonly given physical properties of metals are calculated 
to describe those metals in the state below the elastic limit for struc- 
tural design purposes. Plastic working, however, involves a new set 
of properties entirely above the elastic limit. We have shown else- 
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Fig. 12—-A Tentative Illustration of the Change in 
Physical Properties of Carbon Steels Arranged with 
Reterence to Plastic Working. 


where experiments to demonstrate the progressively increasing yield 
point as metal is strain-hardened from the commercially annealed 
state to the plastic limit at which all slip planes have been used up. 
fig. 12 is arranged to show the plastic physical properties of straight 
carbon steels according to their carbon content. The yield point in 
the annealed state is the lower limit of the plastic working range. 
Unit stress at the plastic limit is indicated tentatively in dotted lines. 
This is, for example, the true ultimate tensile strength or unit stress 
at the point where the fracture occurs. It is not a difficult value to 
get but our data at present are not sufficiently complete to give it with 
inality. The rate of strain-hardening increases rapidly as the carbon 
content increases. Our data on this curve for steels of different 
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carbon content are still too meager, however, to more than suggest its 
general direction. Fig. 12 also gives the per cent reduction in area 
which corresponds, of course, to the plastic limit and the ultimate 
elongation equivalent to this ultimate reduction. This, of course, is far 
higher than the nominal elongation in 2 inches which is not a true 
measure of what can be done in plastic working. The ultimate 
elongation at the plastic limit gives figures which at first seem ex- 
tremely high. Examination of many drawing operations will show, 
however, that figures approaching the limits shown are actually ob- 
tained. In wire drawing, much higher figures have been recorded 
but here the working temperature is elevated considerably above 
room temperature with a resultant decrease in rate of strain hard 
ening. 


ANNEALING TROUBLES 


In the course of their fabrication metals are frequently required 
to traverse the plastic cycle several times from the annealed state 
through plastic working to the strain-hardened state and back through 
recrystallization to the annealed state. Thus the cycle may be re- 
peated two or three times in the process of cold rolling the strip or 
sheet. Subsequent reductions in preparing a drawn shell may require 
two or three more annealings. The formation of ears on drawn 
shells is attributed by competent investigators to directional properties 
resulting from unfortunate combinations of severe reductions and 
high temperature anneals. 

Shell breakage is sometimes traceable to excessive grain growth 
around local areas with a resultant extreme local weakness compared 
with the rest of the shell wall. Germination or excessive grain growth 
is said to occur rather spontaneously in the lower carbon steels under 
favorable combinations of strain and annealing temperature. In any 
first operation drawn shell, the strain is evenly graded from practi- 
cally nothing in the shell bottom through an increasing crystal dis- 


tortion up the shell wall to a severely worked state at the top edge of 


the shell. This gradation of strain is likely to give an excessive grain 
growth at some level in the shell wall at almost any temperature pro- 
viding sufficient time is allowed. One investigator has said that in 
the examination of many shells he has found some evidence of extra 
size grains at some point, usually the lower corner, in almost every 
case. 


A thorough discussion of annealing should go also into the ques- 
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tion of pickling and cleaning, as these are of extreme importance to 
the drawn shell. Control of annealing times and temperatures should 
so be considered with reference to retaining a wall stiffness greater 
than the dead soft state while eliminating the working strain. This, 
of course, is a case of removing the shell as soon as recrystallization 
has taken place, but before there has been time for any grain growth. 
We wish, also, that there might be as clear a designation of tempers 
in rolled steel with reference to the strain hardening which has been 


undergone as is found in the brass and aluminum trades. 
Diz CONSTRUCTION 


The principal details to be watched in die construction for draw- 
ing operations are the corner radi of the drawing die, the metal 
clearance, the shape of the drawing punch, finish of blankholding 
surfaces, and die material. Only very general rules can be given to 
cover most of these details as the shape of the piece, the metal used, 
the ultimate requirements, etc., often necessitate modifications. The 
edge of the die over which the metal is drawn is usually held to a 
radius of four to six times the metal thickness. Too sharp a radius 
results in excessive thinning of the metal and unduly high resistance 
to drawing over the edge. A greater radius may be used where the 
metal is sufhciently thick with reference to its diameter to preclude a 
chance of wrinkling. The shape used in single action drawing is often 
entirely different from that used for double action work as illustrated 
in Fig. 4. The straight bevel shown there is sometimes replaced with 
a parabolic curve starting with a relatively small radius at the top 
and increasing to a rather large radius at the throat of the die. 

The clearance between the punch and the die is usually made 
considerably more than the metal thickness to permit thickening up 
and easy flow over the edges. If ironing is required, however, the 
clearance may be held down to the original metal thickness or less. 
In normal free drawing operations where the thickening up is not 
objectionable, the clearance may be as high as 50 per cent more than 


— 


the metal thickness for the first operation draw and 25 per cent 


more than the metal thickness for redrawing operations. 

The nose of the drawing punch should also have a radius of four 
to six times the metal thickness in order not to cause thinning of the 
metal as it is bent over the edge of this punch. The radius, of course, 
may be increased to a very much greater amount providing that the 
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metal is not so thin compared with its diameter as to cause the for- 
mation of wrinkles as has already been discussed. In certain classes 
of operations where the shell is to go through several reductions, 4 
taper of perhaps 45 degrees may be used on the nose of the drawing 
punch, and a similar taper used on the blankholding surface of the 
next redrawing operations. Here again the corner should not be too 


sharp as it would thin the metal and cause a local weakness. 
It is usually essential to have a very carefully finished surface. 


particularly on the blankholding surface and over the drawing edgy 


g 
in order to avoid picking up the material and also breakage when t! 


It 
draw is very severe. In shallow drawing operations or draws which 
involve very large unbalanced stresses as at the corners of rectangula 
shapes, it may occasionally prove necessary to actually arrange th 
blankholding surface to retard the flow of the metal. This is usually 
done by the insertion of draw beads; that is to say, a groove may be 
furnished in the die surface parallel to the drawing edge and a 
corresponding bead placed on the blankholding surface so that metal 
flowing into the die must flow over the draw bead. 

The metal used for the drawing die is of particular importance 
to life of the tools in points of wear and picking-up, or welding. |i 
long wear is not vital, and picking-up should be avoided, cast iron die 
rings are reasonably satisfactory and hard aluminum bronze rings are 
very much better. A chromium-nickel cast iron mixture is also used 
with considerable success. Where cast die rings are relatively thin, 
they are quite easily broken by accidental double blanks and should 
be supported in a holder of sufficient strength or reinforced with a 
shrunk ring around it. In this case, a taper ring is usually used t 
back up the drawing ring securely in the holder. If production 1s 
very large, it is usually necessary to use hardened steel dies, especial) 
the alloy steels with considerable chromium content. Chromium 
plating of steel dies for drawing operations has also been employed 
with considerable success in many places. 

The reason for picking up may possibly be that from time to 
time a crystal in the metal being drawn becomes aligned with a crystal 
of identical orientation and lattice on the die surface under such con- 
ditions of pressure and temperature that inter-atomic attraction be- 
tween the two crystals will be greater than the boundary forces of the 
crystal in the drawn sheet so that it will tear out and remain attached 
to the die. Once this process is started, the metal builds up on the 
welded particle quite easily. For that reason, the use of metals which 
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re more or less dissimilar, as in the case of machine bearings, should 


reduce, and does seem to reduce, the tendency to pick up. Increased 


speed, of course, results in increased heating, which favors the weld- 


ing process. It may be noted in this connection that brass can be 
drawn on steel at speeds up to 200 feet per minute, whereas steel on 
steel can only be drawn at 50 or 60 feet a minute. Possibly steel 


could be drawn much faster over the hard aluminum bronze dies. 


DISCUSSION 


Written Discussion: By Felix F. Aloi, Seneca Iron and Steel Co., 
Buffalo, N. Y. 

[he author is to be congratulated on this excellent paper which helps 
to bring the art of plastic drawing nearer to a science. This paper has given 
us a clearer understanding of that vague property of sheet steel usually termed 
“flowing quality.” 

It has often been said that the successful plastic drawing of sheet steel 
into shapes depends on three factors, steel sheets of good drawing quality, 
proper die construction and an intelligent press-room operation. The author 
has clearly brought out that none of these factors can be overlooked. 

The question of what properties are necessary in a sheet, to place it in 
the extra deep drawing range, has been answered by the author, that is, the 
rate of plastic hardening, which depends on the grain size, is the important 
factor. The sheet manufacturer uses two things to control grain size, chemi 
cal anaiysis and heat treatment. 

If two pieces of sheet steel, say 20 gage, are placed in an Erichsen sheet 
tester and a cup is drawn into the two pieces, the cup formed will be deeper 
than when only one piece is used. How does the author account for the in 
crease in the depth of the cup when using two pieces, and could this idea be 
used commercially to form deeper stampings ? 

Written Discussion: By Alfonso E. Lavergne, mechanical engineer, 
Edward G. Budd Manufacutring Co., Philadelphia. 

[ have read Mr. Crane’s paper with a great deal of profit. I was espe- 
cially interested in the data he gives regarding the tentative strain-hardening 
rates. The conclusion is reached by Mr. Crane that a given metal strain- 
hardens at a definite rate from the beginning of the cold working regardless 
of the rate of deformation. I do not believe this to be so. From some pre 
liminary experiments which we have conducted with low carbon strip steel 
(0.037 inch thick) we found that when the tensile specimens were pulled at 
rates which varied from 34 inch per minute to 240 inches per minute very 
different results were obtained. In the particular steel with which I worked, 
when the rate of deformation increased to 19 inches per minute, premature 
Iracture occurred. By premature fracture is meant that fracture took place 
before parts of the specimen had been plastically strained. It would seem to 
me, therefore, that the rate of strain-hardening is also dependent upon the 
rate of deformation. 
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Referring to Mr. Crane’s paragraph on page 172, in which he says, 


percentage reduction in area which corresponds, of course, to the plastic lim 


i till 


and the ultimate elongation equivalent to this ultimate reduction; this, of cow 


st 
is far higher than the nominal elongation in 2 inches, which is not a true meas 
ure of what can be done in plastic working.” 

[ should like to say that it is very difficult to determine the reduction 
in area of specimens of rectangular cross section, namely, 0.750 inch wic& 
by, say, from 0.030 to 0.090 inch in thickness. Average reduction in area 
throughout the entire specimen could easily be obtained with the aid of a 
planimeter, but there is a question in my mind as to the utility of such aver 
age results. 

Curiously enough in dealing with rectangular specimens one finds that 
by slight variations in heat treatment, yet within the same chemical anal 
sis (0.005 to 0.012 per cent carbon), the same reduction in area may be ob 
tained in two specimens, but such percentage reduction in area would be in 
one case brought about by a drastic reduction in width, while in the other 
by a drastic reduction in thickness. 

It should be noted that in such cases, although the percentage reductioy 
in area is the same in both specimens, these two materials would behave quit 
differently in deep drawing. 

It seems to me that the per cent elongation in 2 inches, although it may 
not be a strictly accurate measure of maximum plasticity, gives an indica 
tion of the possibilities of the material. The percentage elongation in a larger 
gage length would obviously give an indication of the uniformity of exte 
sion throughout the test specimen, which for certain stampings is also important 

Written Discussion: By R. L. Kenyon, supervising research engineer, 
\merican Rolling Mill Co., Middletown, Ohio. 

The many variables which enter into the deep drawing operation hav 
discouraged many engineers from attempting a rigid mathematical analysis 
of the various relationships which exist. Mr. Crane is to be complimented on 
this excellent paper which presents a great deal of useful information on this 
important problem. There are a few points, however, on which the write! 
is not in full agreement with the author and others on which further infor 
mation would be helpful. 

In the discussion of buckling on the sixth page, the impression is gained 
that irregular patches of coarse grains are one frequent cause of this troubl 
Sheets of good drawing quality are quite uniform in grain size, but will 
buckle under certain conditions of loose hold-down, etc. Would it not bh 
better to assign the buckling merely to eccentric loading in compression: 
This may be due to slight lack of flatness of the original blank or flange when 
it occurs on a subsequent draw, or it might result from lack of flatness o! 
the hold-down itself. It is known from experience that a stiff sheet is mor 
apt to buckle than a soft one. 

In continuing this discussion the author states that draws can be mad 
without a hold-down and not suffer wrinkling if the “metal is so thick rela 
tive to the average grain size that nonuniformities in the distribution of larg 


and small grains, or of grains of varying crystal orientation, are averages 
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+ so that the stresses are practically uniform.” Here again it is believed 
at grain size and grain uniformity are of secondary importance, at least in 
eets of good deep drawing quality. It is probable that the significant re 
itionship is between blank thickness and diameter of punch. 

lhe roughening of the surface sometimes observed over corners or other 
nlaces of excessive local stretching, is due to coarse grains. It is true that 
this is due to slip plane movements, as the author has indicated, but the im- 
portant point is that this slip phenomenon which occurs alike in fine and 


coarse-grained material is not detected when the grains are fine, because of 
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the minuteness of the individual grains. The net effect in such material is 
a fine matted surface which is only slightly “dulled” in the case of very small 
grains. The roughness is a direct function of grain size. 

The demonstration on the thirteenth page of the maximum reduction per 
operation is, of course, only approximate. The author mentions the modifying 
considerations of friction and the extra force required for bending over the 
radius. He also states that the material in the flange is hardened by cold 
working, thus increasing Se. No mention is made of the increase in tensile 
strength of the material in the side walls. This metal is being cold-worked 
also and simultaneously strengthened. The net result is that variations in unit 
strength and in cross section are taking place continuously in both flange and 
side wall and it would seem that any attempt to determine analytically the 
limiting reduction per operation must take into consideration all of these modi 
lying conditions. Knowing the rate of strain hardening and the change in 
section, it should be possible to apply the proper corrections for Se and St. 

The curves shown in Fig. 10 are all straight lines which pass through the 
origin. This does not agree with similar data given in the literature. The 
curve shown above combines the results of two investigators. 

(he stress increases rapidly up to the yield point with practically no re 
duction in cross section. The point where the curve intersects the stress axis 
should, therefore, correspond to the yield stress. 

The author also states that single grained material should have a zero 

ld point. The reason for this statement is not apparent, as a definite force 


nid ‘ : . . 6 
would be required to produce the slip planes of even a single crystal. 
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On the seventeenth page reference is made to a specification of 55 to 


per cent reduction of area for 14 gage extra deep drawing steel. This ; 


S 


the first case that has come to our attention in which reduction of area hac 
been specified on sheet material. It is a very difficult quantity to measur: 
on this material and it would be interesting to know if this is being don 
any considerable extent. 

The quantities plotted are of considerable theoretical interest, but the 
author does not indicate their application to the drawing problem. For ex 
ample, it is not shown that the “elongation at plastic limit,” which is also 
termed relative elongation, has any bearing on deep drawing. This is usually 
determined by computing what extension a tensile sample would have shown 
if all of the gage length had suffered the same reduction in cross section as 
that at the fracture. In deep drawing we are interested in the amount of 
elongation that occurs before local reduction takes place rather than the theo 
retical amount that would occur under a set of conditions that do not occur 
in practice. 

In making these comments on Mr. Crane’s paper, it is not the writer's 
intention to detract in any way from his valuable contribution to the litera 
ture on this subject. There is a great deal to be done in both experiment and 
theory before the problems of deep drawing will be completely understood, 
This paper is an excellent starting point for those who wish to study this 
subject. 

Author’s Closure 


In reply to Mr. Aloi it is the writer’s opinion that the cupping test is 
almost wholly stretching and does not simulate drawing operations. It might 
be that, in cupping two sheets together, the flange area is not gripped as tightly 
as with one sheet, or that a difference in relation of blank diameter to thick 
ness would favor the ease of flow and permit a deeper cup, but that is 
conjecture. 

There would not seem to be any real advantage to commercial drawing 
in using more than one blank at a time, except to increase production where 
the shells may be easily separated and size is not essential. Taper-sided foil 
bottle caps are frequently carried through a number of draws in pack form 
before separation. If spinning operations are employed to finish a shell to 
size and remove wrinkles, it is possible to draw taper or conical shells in 
a pack of two or more. Two sheets may also be drawn together where tt 
is desired to produce a straight shell of one metal lined with another metal 
There is no resultant bond between the two except friction. 

In reply to Mr. Lavergne may I say that there is one property of metals 
which varies greatly with speed of test and that is per cent of elongation 
Time is apparently essential in the selection of the weakest area for local 
failure. Jeffries and Archer (The Science of Metals) quote tests showing 
elongation in 2 inches for a given steel, varying from 27 per cent at the 
speed of a testing machine, to 47 per cent under a drop hammer, and 62 per 
cent due to a gun powder explosion. All, of course, are far below the ultt- 
mate elongation occurring locally at the neck. The same authors note that 
“the force required to deform a single crystal is practically independent 0! 
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wny. time effect,” which, we believe, is applicable to the cold working of most 
metals in press operations. 

lhe comment that test elongation in 2 inches is not a true measure of 
what can be done in plastic working is mearit to point out that a steel show- 
ng 42 per cent elongation in 2 inches may readily be drawn in one operation 
(say 40 per cent reduction), enough to elongate a unit area in the side wall 
by 66 per cent. The ultimate elongation of the same steel would be about 
185 per cent at fracture. 

We appreciate the difficulty in measuring per cent reduction in area on 
strip specimens and the contusing effect of directional properties, 

We appreciate Mr. Kenyon’s very thorough discussion and will follow it 
through in order. 

Regarding buckling and the formation of wrinkles, we do not believe 
that methods of grinding and finishing the blank-holding surfaces of the tools 
would permit sufficient irregularity to account for wrinkle formation. Other 
discussion at the Boston meeting pointed out distinct nonuniformity through 
the thickness of drawing sheets even with notable differences in composition 
near the surfaces. We do not feel that any great difference in crystal size 
is essential to cause wrinkles to start in relatively thin material when it is 
not positively held flat. It would be natural that “stiff sheet is more apt to 
buckle than soft,” as the stiffness is due to strain hardening in rolling and 
is likely not to be uniform through the thickness of the metal. Such strain 
hardening also increases the resistance of the metal to the plastic work in 
drawing and, therefore, increases the stresses which would tend to form 
wrinkles. 

We agree with Mr. Kenyon that the significant relationship in the mat- 
ter of wrinkle formation is between blank thickness and punch diameter, but 
still feel that the fundamental reason for the significance of that relationship 
must be traced back to the relation of grain sizes to thickness and to each other. 

Mr. Kenyon is quite correct in bringing out the fact that differences in 
surface roughening or dulling are “a direct function of grain size.” 

The tensile strength of the metal in the side wall of a shell does increase 
due to strain hardening, but varies from zero increase at the bottom corner 
or punch radius to a maximum at the top of the first operation shell (or part 
way up on subsequent reductions). Most shell failures occur partly for this 
reason and partly due to reduction in thickness by bending at a point near 


the bottom corner radius, so that the increase in tensile strength at points 
higher up would seem to be of relatively little practical use. 

The series of photographs reproduced by Mr. Kenyon agree in type with 
the curves used by the writer as a starting point in obtaining the curves shown 
in Fig. 10. 


The reason for transposing these curves to a common origin, 
however, was to make them mathematically comparable and to eliminate the 
wide variation in their yield point, due to annealing practice or to cold work- 
ing after annealing. This and the question of attributing zero yield point to 
the single crystal state have been discussed at greater length by the writer 
in a recent series of articles in /ron Age and more briefly in a paper on metal 
working in power presses presented before the American Institute of Mining 
and Metallurgical Engineers. 
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We appreciate that it is rather difficult to measure reduction in area of 
sheet material. We must admit that our work to date has been largely jn 
theory and experiment. We must disagree, however, with Mr. Kenyon on 


the relative values of general elongation at the point where necking usually 


starts in the tensile test and ultimate strength elongation and reduction at 


the point where failure actually occurs at the neck, which we believe is ap- 
proximately the plastic limit. The low general extension before necking of 
the tensile test and the cupping test has been shown to be subject to wick 
variation with speed of test and is also a very much lower value than the 
actual increase in length of unit areas found in the walls of many drawn 
shells. The ultimate values, both of reduction and elongation, as found at 
the neck, are real limits, however, and are approached but not exceeded in 
drawing operations. We have offered examples to illustrate this in Fig. 1] 
and in the more complete Jron Age series. 
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LUBRICANTS USED IN DEEP DRAWING OF 
SHEET STEEL 


By MaAurRIcCE RESWICK 


Abstract 


This paper makes an analysis of the nature of the 
stre involved in deep drawing practice, in so far as 
they pertain to lubrication, and emphasis is laid on the 
fact that the subject of lubrication has not received the 
attention which it deserves, largely through the lack of 
co-operation between the metal fabricator and the lubri- 
cant manufacturer. The required characteristics of an 
ideal lubricant for deep drawing are set forth to be as 
follows: film strength, oiliness, adhesiveness and spread- 
ing, ease of cleansing, noncorrosiveness, stability and uni- 
formity, physiological effect, no disagreeable odor, little 
variation with climatic changes, and low cost. A descrip- 
tion of the principal ingredients which enter into the 
manufacture of drawing compounds, together with rea- 
sons why certain characteristics are imparted by them to 
the lubricant is discussed. Reference is also made to the 
latest developments in the field of lubrication, especially 
to ‘“‘border-line” lubricants, which may be applied to draw 
ing compounds in perfecting a lubricant that will prevent 
metal-to-metal contact between the work-piece and the 
dies. The paper ts concluded with the listing of the anal- 
yses of five typical drawing compounds which were found 
to be successful in actual practice. Throughout this paper, 
the author has endeavored to present the subject from the 
user's standpoint, to which the chemists and lubricant 
manufacturers must adapt themselves. 


INTRODUCTION 


( : INSIDERABLE progress has been made in recent years in 
deep drawing practice of sheet steel, and the art has been ex- 
tended in many directions, with drawn sheet steel shapes replacing 


castings, sections built up by riveting or welding, and intricate parts 
torged under the hammer. The fundamental process involved in 


___A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, Maurice Reswick, 
is Chief Engineer, Pennsylvania Lubricating Co., Pittsburgh. Manuscript 
received July 8, 1931. 
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the stamping and drawing of metals at ordinary temperatures is tha 
of plastically working the metal in compression or squeezing, and jy 
tension or elongation, subjecting it to local stresses beyond the yield 
point without exceeding its ultimate strength. | 
In the formation of cupped shapes, depending on the relative 


stresses involved, the degree of working may be classed as ordinary 


stamping, shallow drawing, deep drawing, extra deep drawing, and 
extra-extra deep drawing, referring to each step or press operation, 
The term “deep drawing”, therefore, does not depend on the com- 
parative size of the work piece, but on the ratio of the principal 
dimension of the piece before drawing to the corresponding dimen- 
sion after the drawing operation. 

In this paper, the operations usually understood as ‘deep draw- 
ing” will be considered, in which the plastic stresses approach the 
ultimate strength of the sheet steel, so that any deductions arrived 
at may be readily applied to the less severe cases. 


LUBRICATION A NEGLECTED SUBJECT 


As in the case of engineering and machinery construction in 
general, the subject of lubrication in metal drawing is still regarded 
as being of secondary consideration to the design of machinery and 
dies and to the improvement in production methods. In fact, the 
attitude of some operators is to regard lubrication as a necessary 
evil instead of a useful function in the conservation of dies and tools 
and as a means of improving the quality and quantity of output. 
Until recently each fabricator of metal developed his own lubricants 
by the expensive ‘“‘cut and try” and “hit or miss” method, without 
a comprehensive understanding of the basic requirements. 

The literature of the stamping and drawing trade is abundant 
with engineering information and operating data, but there is an ob- 
vious scarcity of published articles on the vital subject of lubrication. 
This is due in equal measure to the failure of the metal fabricator 
to appreciate the scientific phase of this subject and to the reluctance 
of the lubricant manufacturers to disclose what they consider as 
trade secrets, gained at considerable expense in their research labora- 
tories and in field experiments. As the development of an efficient 
lubricant depends on the science of chemistry and the art of com- 
pounding as much as it does on a knowledge of the operating prob- 
lems involved in the drawing of sheet steel, it is obvious that the 
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problem of lubrication can be best solved by mutual effort and by 
entrusting its solution to the technical staff of lubricant manu- 
facturers who make a specialty of developing special lubricants for 
particular jobs, and who are in a position to utilize their experience 
in related problems of lubrication. 


SCOPE AND OBJECT 


This paper discusses in general terms the fundamental require- 
ments of an ideal lubricant for deep drawing operations, in the hope 
that it may serve as a starting point for a more complete symposium 
at a later date. As far as possible, the subject will be treated from 
the user’s standpoint, whose requirements are definite and clear cut, 
and to which the lubrication chemist must adapt himself. 


REQUIRED CHARACTERISTICS 


The primary function of a lubricant for deep drawing operations 
is to prevent metal-to-metal contact between the work-piece and the 
dies, and also to decrease the sliding friction to a minimum. The 
degree to which a lubricant comes up to these requirements is a 
measure of its efficiency and value. 

The most satisfactory procedure in purchasing a lubricant for 
any purpose, whether for general bearing lubrication or for specific 
application to deep drawing, is not on the basis of analytical specifi- 
cations nor on prescribed laboratory tests, but on the basis of satis- 
factory performance on the job. Accordingly, an ideal lubricant 
which meets the requirements of deep drawing operations, must 
possess the following characteristics in the order of their importance: 

l. Film Strength. The lubricating film or coating must be 
strong enough to withstand the enormous pressure prevailing within 
the plastic range of the worked material under compression, so as to 
prevent metal-to-metal contact both under static and “flow” condi- 
tions of the worked metal. Scoring and abrasion of the dies and 
work-piece must be prevented, as well as “pick-ups” of the softer 


metal on the hardened die surface. It is generally agreed that where 


two rubbing surfaces are of the same metal, without an interposing 
lubricating film, scoring and “pick-ups” are the result of actual fusion 
of the microscopic surfaces in direct contact, due to the intense 
localized heat generated from friction, even though the duration of 
the phenomenon is only momentary. Aside from the heat due to 
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rubbing friction of the metallic surfaces, there is also generation of 
heat due to the plastic deformation of the metal worked, and it js 
essential that the lubricating film must not be unduly thinned down 
and weakened at the higher temperature. 

2. Otliness. The coefficient of friction between the die surface 
and work-piece must be low, so that a minimum amount of energy 
be expended in “‘skin”’ friction, both in the forward or working stroke 
and in the backward or pull-back movement of the dies. Lack of 
oiliness in the lubricant used results in localized drawing, or in uneven 
elongation and wall thickness. When working on steel sheets of light 
gage, especially in flanging operations, fracture of the metal and 
development of seams and cracks should be reduced to a minimum 
when a good lubricant is used. 

3. Adhesiveness and Spreading. The lubricant must adhere 
to the surface of the metal without being unduly tacky. It must also 
spread itself under the pressure of the dies in such a way that it will 
form a protecting film ahead of the working portion of the die. It 
should also be sufficiently light in body and possess marked affinity 
for the metallic surface so that it may be applied manually by means 
of a brush or mechanically by means of an automatic spraying device 
or through plastic gelatine-like rolls. 

4. Ease of Cleaning. As the finished product from the draw 
press or stamping machine must generally undergo a further process 
of plating, tinning, galvanizing, lacquering, or painting, it is essential 
that all traces of the lubricant used must be easily removed by means 
of readily obtainable and cheap cleanser, such as simple mixture of 
caustic soda. This requirement is generally met in a drawing com- 
pound that emulsifies in water. 

5. Noncorrosiveness. The lubricant must not contain mineral 
acids of any kind that may attack the worked metal, should the cleans- 
ing process be delayed for any reason. Nor should there be any 
tendency to pit the surface of expensive dies and machinery used. 

6. Stability and Uniformity. The drawing compound must be 
stable in composition, and there must be no separation into its com- 
ponent parts during storage and handling, nor should it become 
rancid, decomposed or otherwise spoiled. One shipment must be 
exactly the same as the previous shipment, unless some modification 
was made in the formula by mutual agreement to meet a special 
working condition. This requirement is largely a problem of the 
lubricant manufacturer. 
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7. Physiological Effect. The lubricant must be absolutely 
neutral in its physiological effect on the machine operators, and must 

contain any ingredients which may lead to poisoning through 
skin absorption or inhalation of fumes, nor shall it produce such 
skin diseases as pimples, eruptions, or boils. As a further precau- 
tion, it might be permissible to introduce into the lubricant a harmless 
antiseptic like creosol. 

8. Odor. No perceptible disagreeable odor should be noticed. 
The addition of a perfuming substance to disguise the real odor of 
the lubricant should be avoided. 

9. Effect of Climatic Conditions. There should be no pro- 
nounced change of the consistency or other properties of the lubricant 
with the usual variations of temperature and humidity between sum- 
mer and winter weather. 

10. Economy. The drawing compound must be low in cost. 
With some metal fabricators this item is of first consideration, 
but logically, the relative cost of the lubricant should be regarded 
not on the basis of its price per pound or per gallon, but on the 
basis of its cost per thousand pieces finished, considering also the 
quality of the product and the wear on the dies and tools. An appre- 
ciable saving may be effected by purchasing a lubricant not only of 
the best quality for the purpose, but also in the most economical 
form. For example, a certain manufacturer in the middle west was 
able to reduce his lubrication cost by more than 50 per cent through 
the simple expedient of purchasing only the “base” of a soluble com- 
pound and by mixing it with water at his factory to the proper 
consistency. His reasonable claim that the waters of Lake Erie are 
not any worse than the waters of the Delaware River, cannot be 
denied, and there is certainly no justification for him to pay freight 
charges across several states on an abundant commodity like water. 
This, of course, is an extreme case, but illustrates the point. 

A drawing compound that would meet the above ten require- 
ments 100 per cent is the ideal to which the grease and oil manu- 
tacturers are striving, and which the users are hoping to get some- 
time before the millennium. Unfortunately, in the art of lubricant 
manufacture, especially in the making of compounded lubricants 


like grease and drawing compounds, a particular characteristic in 
the finished product is most usually obtained only at the sacrifice of 
another, often equally important, property of the lubricant. Hence, 
the best drawing compound that is possible to produce consists of a 
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compromise, with every point gained being at the expense of another 
point. The expertness and skill exercised in the compounding of g ingr 
lubricant that would possess the greatest degree of advantage and 
efficiency is what differentiates one lubricant manufacturer from 


another. 




















SPECIFIC PuRPOSE DRAWING COMPOUNDS iui 

tallo 

While a so-called “general purpose” drawing compound maj incre 
be prepared that will answer about 75 per cent of deep drawing op- tone 
erations in a more or less satisfactory way, it is realized that work- ha 
ing conditions vary to a great extent, and out-of-the-ordinary situa- piec 
tions are of frequent occurrence. The complexity of the work- face: 
piece, design of dies, wall thickness, speed of operation, kind of metal ‘ecti 
or alloy used, surface characteristics, physical properties, evenness It te 
of anneal, etc., are all factors which must be considered. The draw- spee 
ing of low carbon steel, higher carbon steel alloys, stainless steel, and 


brass, aluminum, etc., all require different methods of handling, and oda 


for a first-class job the type of lubricant used must also be modified and 
accordingly, or “tailored”’ to the particular job. cont 
For light work, whether in ordinary stamping or in deep draw- 
ing, a simple compond of a soluble oil is all that is necessary, while pal 
for heavier classes of work, special lubricants are required. Some tain 
of the lubricants used in drawing steel are decidedly unsuitable for ing | 
drawing aluminum, for which the drawing compound must be free 
from alkalis which combine with aluminum forming aluminum salts of n 
In the absence of a better lubricant, on some work powdered cop- Vice, 
per, or even sheets of paper are used to secure separation of the die S is th 
from the work during the drawing operation. ‘These simple expe- obje 
dients are better than no lubrication at all, but it is advisable t is tl 
replace them with more efficient lubricants which are now on the caus 
market, and which were developed in the research laboratories of and 
lubricant manufacturers and have received adequate tests in the field pour 
to prove and establish their merits. m bep 
soap 
COMPOSITION OF DRAWING COMPOUNDS 
whic 
The principal ingredients entering into the compounding of lu anin 
bricants for deep drawing will now be enumerated and an effort wil perc 
be made to state their functions, giving the reason why they impatl m of j 
certain characteristics to the lubricant. the « 
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|. Tallow. This is the oldest and still most extensively used 
ingredient in the compounding of all kinds of greases and drawing 
compounds. Tallow, in its raw state, is a lubricant of the first order, 
hut its inherent properties are brought out to best advantage when 
‘t is combined in the form of soap with certain metals such as cal- 
cium, sodium, potassium, lead, aluminum and zinc. The addition of 
tallow or other animal fats to any lubricant enhances its “oiliness,”’ 
increases its film strength, and makes it adhere to the metallic sur- 
face better. In press work, it is claimed that tallow follows ahead 
of the die, creating a lubricating film on the surface of the work- 
piece before the die penetrates or comes in contact with fresh sur- 
faces. The use of tallow in the raw state is inconvenient and ob- 
iectionable because of its tendency to become rancid and wormy. 
It is difficult to apply it to large work, while modern conditions of 
speed and pressures demand that its inherent properties of oiliness 
and other desirable characteristics be still further enhanced by the 
admixture of other substances. From the point of economy, tallow 
and other animal fats and oils in raw state, like lard oil, are more 
costly than compounded lubricants. 

In the same class with tallow, other fats and fixed oils like lard, 
palm oil, etc. may be mentioned. The best drawing compounds con- 
tain the best grade of these fats, especially those having a high melt- 
ing point, or a high titer value. 

2. Mineral Oil. Nearly every lubrication job requires the use 
of mineral oil in one form or another. In general, the greater the 
viscosity of the oil, the stronger is the film strength and the greater 
is the adhesion to metallic surfaces. In a drawing compound, the 
objectionable feature of using too large a percentage of mineral oil 
is the difficulty in cleaning the product with simple mixtures like 


caustic soda, unless special cleaning compounds like benzine, naptha, 


and other solvents are used. Hence, in a first class drawing com- 
pound the percentage of mineral oil must not be excessive, and should 
be preferably in combined form with other ingredients like soda base 
soap and other emulsifying substances. 

3. Water. Water is present in a lubricant as an emulsifier, in 
which case it serves the function of acting as a binder between the 
animal oils, mineral oils, soaps, and other ingredients. A definite 
percentage of water in emulsified form is necessary, but any excess 
of it may be regarded as a diluent controlling the consistency of 
the drawing compound. 
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From the standpoint of cleansing requirements, it becomes nec. 
essary to combine the mineral oils, animal or vegetable oils, and al 
other ingredients, in such manner that the resulting drawing com- 
pound will be of a soluble nature, or in the form of a colloidal emul- 
sion. This is usually accomplished by the introduction of a soap, like 
soda or potassium soap, which dissolves in water. 

4. Fillers. Ina grease used for the lubrication of general ma- 
chinery, the presence of filler materials like chalk, soapstone, mica, 
rosin, graphite, fireclay, potters clay, borax, etc., is regarded as 
being objectionable, and all standard specifications outlaw these adul- 
terants. In drawing compounds, however, where the relative speed 
of the rubbing parts is extremely slow, and the coefficient of friction 
is not necessarily required to be at a minimum, the presence of fillers 


is not only permissible, but even desirable. These fillers, while they 


coarsen and cheapen the grease, serve the useful function of in- 
creasing the strength of the lubricating film by the simple expedient 
of thickening the film, so that a greater pressure acting over a longer 
interval of time will be required to rupture the film. These fillers 
are also somewhat unctuous in their nature, or “slippery” to touch, 
but they do not possess any pronounced lubricating properties. While 
in regular machine lubrication practice they would be considered as 
being of a decided abrasive character, in drawing work they may 
be considered as passable and allowable. Fillers, like mica and 
graphite in particular, perform the further function of acting in a 
limited degree as solid lubricants, the claim being made that even 
when the mineral or fatty lubricating film is broken down, the graphit 
or mica still acts as the medium of preventing metal to metal contact. 
These fillers should be used, when necessary, in a highly pulverized 
form, so that their abrasive action be reduced to a minimum. In 
addition to “thickening” up the lubricating film, fillers also serve the 
purpose of filling up the unevenness of the metallic surfaces on the 
work piece, so that when the smooth, hardened dies come in con- 
tact with it, the possibility of scratching the die and causing pick-ups 
is reduced. 

Certain fillers, like soapstone and chalk, may be present in 
combined form with the other ingredients of the drawing compound, 
and even when they are in a free state, they are not particularly ob- 
jectionable when it comes to the cleaning operation because they ca 
be completely washed away with the caustic soda cleaning fluid. Such 
fillers, however, like graphite, which is a chemically inert substance, 
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cannot be washed away readily, especially since minute particles of 
sraphite are likely to become embedded or anchored into the mi- 
‘roscopic pores of the metal. Hence, in general, the use of graphite 
and mica in drawing compounds should be limited to very low 
quantities, and when the drawn or pressed product is to undergo 
further operations of electro-plating, fillers of this type must not be 
used at all. 
‘““BORDER-LINE”’ COMPOUNDS 


Within recent years startling progress was made in the field of 
veneral lubrication by the development of oils and greases contain- 
ing lead oleate, and experiments are at present in progress to apply 
this ingredient to drawing compounds. Lead oleate compounds are 

0.12 


S 
& 


Coefficient of Friction 


10,000 20,000 50,000 40,000 50,000 
Logd or Pressure, in Pounds per Square Inch 


Fig. Comparison of Lead Oleate and Mineral Oil. 


> ar 


known as “border-line” lubricants, and may be best defined graph- 
ically by referring to Fig. 1, which is based on actual tests, using a 
straight mineral oil and a lead oleate compound, both having the same 
viscosity. A good lubricating film was maintained with the mineral 
cylinder oil until the load reached 7000 pounds per square inch, at 
which point the coefficient of friction began to rise rapidly, so that 
between 7000 and 10,000 pounds per square inch load the film was 
practically all squeezed out. The “border-line” is, therefore, here in- 
dicated at 7000 pounds per square inch of load. To the left of the 
“border-line” there was perfect fluid friction; to the right of the 
“border-line” lubrication was only partial at first, resulting in semi- 
solid friction, while at the 10,000 pounds load there was nearly solid 
triction. Hence, with straight mineral oil it is not safe to exceed 
a unit pressure of 7000 pounds per square inch. In case of the lead 
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oleate compound, while the coefficient of friction was slightly higher 
from the start, effective lubrication was maintained until a pressure 
of 45,000 pounds per square inch was reached, which marks its limit 
of capacity, before the state of semi-solid friction was approached. 
In other words, the protection obtained with the lead oleate com- 
pound, as shown in this test, was more than six times greater than 
with a mineral cylinder oil of the same viscosity. 


ANALYSES OF DRAWING COMPOUNDS 


Several analyses of typical drawing compounds on the market 
are given. These are not formulas which may be used in the manu- 
facture of a drawing compound, but are merely laboratory analyses 
of actual samples which may be made by any analytical chemist. As 
stated previously, the analysis of a drawing compound gives only an 
approximate idea of what the various constituents are, but it fails to 
reveal the more essential information as to how the various ingredi- 
ents are combined. Two chemists using the same formula will pro- 
duce two products which are different from each other in stability, 
lubricating properties, and even in appearance—as too many factors 
are involved in the actual manufacture, such as temperature control, 
the order in which the ingredients are mixed to prevent internal 
chemical interaction, and the skill required in making  success{ul 


emulsions and colloidal suspensions. 


Analysis of Drawing Compounds 


No. 1 No. 2 No. 3 No. 4 No. 5 


i  . o. ccuwbteas cueeeeee 20.90! os billed pee 49.004 
Unsaponifiable Neutral Fat ............... 7.60 50.22? ore, iascale 
TE ic late re nas ea save eetecee 6.70 12.41 eee 3.00 
ee eer ee ee er eee 23.80 5 eet 54.008 avin aie 
crc ath aha Gig ie hie FA SIN Oe OU We Oe ke O 41.00 31.51 46.00 30.00 32.00 
ee ee Pee er oor 5.86 oye 18.00 inks 
SE ME a os on ae ee a ew aie Eh ee ehaa sae scar ohare 6.00 
OS Re eee ser a rer pints wanes état aa 22.00 
SE MN vdeaa ks oh ekAae Meee aa eee his 2 aera eta ba tite second 40.00 
| SA ee Rett re renee 100.00 100.00 100.00 100.00 100.00 


1Unsaponifiable matter used was a mixture of cylinder oil and petrolatum. The fatty 
material was a mixture of palm oil and tallow. 

The fatty material used was a low grade tallow of rather poor odor. 

8The fatty material used in the soap was a mixture of vegetable oil and animal fat. 

*Unsaponifiable matter was a 300 viscosity at 100 degrees Fahr. engine oil. The fatty 
material was Elaine Oil. 

SMineral oil used was a pale product with a viscosity of 190 at 100 degrees Fab 
Fatty material used in the soaps was an animal fat of low melting point. The mineral fille: 
present was of the colloidal clay type. 
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DISCUSSION 












Written Discussion: By H. T. 
Ball Company, Ann Arbor, Mich. 


Morton, metallurgist, Hoover Steel 





In this paper, Mr. Reswick has brought out the essential requirements of 
lubricants for deep drawing. 

















Each of his ten factors must be considered in 
selecting the best lubricant for each application. However, three factors con- 
tribute to cause the deep drawing dies to “pick-up” metal. These are: char- 
acteristics of the deep drawing steel; hardness of the dies; and the lubricant. 

Grain growth on the surface of the steel or steel with a very low Rock- 
well hardness value will “load-up” the dies more readily than harder steel with 
a uniform grain structure. 

When the dies are soft the metal tends to drag over the surface instead 
of slide. Thus several sets of high carbon high chromium steel dies with a 
Rockwell hardness of 56-58, C scale, had to be polished after every 9000 parts 
had been formed. These dies were re-hardened to a Rockwell hardness of C 
63-64 and used on the same steel with the same lubricant, giving runs in excess 
of 40,000 parts before repolishing. 





Thirdly, the lubricant is of importance but will vary in composition ac- 
cording to specific requirements. For light work as mentioned by Mr. Res- 
wick an ordinary soluble oil containing lard oil and sulphur or similar constit- 


uents is satisfactory. For heavy material or extra deep drawn parts the lubri- 






cant should contain tallow, lard oil, or palm oil, either as a fat or as a soap 
and may contain a filler. Personal tests indicate a preference 
added to the fat containing mineral oil on severely drawn parts. 

Written Discussion: By E. V. Crane, staff engineer, E. W. 
pany, Brooklyn, New York. 

Regarding “picking-up” in drawing operations, Mr. Reswick 
his paper that sufficient heat may be generated in drawing to 
fusing of the metal to the die. We know that 
but do not believe that it approaches remotely 


for graphite 





De tate ce 





Bliss Com- 








suggested in 
cause actual 
considerable heat is generated 
near the fusion temperatures. 
We have the suggestion, however, that in the case of similar metals, as in 
drawing steel over steel dies, a sufficiently intimate junction may be obtained 
between the metal being drawn and the metal in the die so that crystals in 
each, which will occasionally happen to be oriented in the same way, will have 
between them a force of atomic attraction sufficient to pull out the crystal in 
the sheet being drawn and attach it to the crystal of similar orientation and 
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space lattice on the surface of the die itself. Once that action is started, 
building up of additional metal by erosion will obviously follow. We w 
appreciate comments on this situation. 

Oral Discussion: By H. F. Lefurgy, chief chemist, Pennsylyan 
Lubricating Company, Pittsburgh. 

I would say that the use of graphite or filler in any. deep drawing lubri- 
cant is to be avoided, if possible, for the simple reason that it is very hard to 
keep in suspension. For that reason when we manufacture deep drawing lubr;- 
cants we have tried to find some other medium, and in our research we have 
turned to the lead oleate product. We find that when lead oleate is added iy 
different proportions to different kinds of mineral oils, we have a product that 


will replace those lubricants which contain tallow and graphite and a great 


many fillers, and to date we have used it with a great deal of satisfaction and 
success. The only difficulty we find at present with the lead oleate products 
is that they are not soluble in water and therefore they cannot be cut back 
and it is very difficult to wash them off. 

However, certain users are very pleased with these products because they 
overcome a great many difficulties that have been encountered with the other 
type of products containing fillers and water soluble soaps. They usually dip 
the metal in hot water and then wipe it. It takes a little longer but there 
are less rejections. The deep drawing lubricant is the hardest product we have 
to make from the standpoint of obtaining a homogeneous mixture. With ordi- 
nary tube drawing lubricant we can make a product which is readily soluble 
in water and has a great deal of slip, but when we come to the deep drawing 
lubricant we have to give it a certain amount of adhesiveness and that is brought 
about only by loss of water solubility, and when you get into the fillers, as | 
briefly stated, it is very hard to keep them in suspension and usually when 
the manufacturer buys them, he may have to keep them stirred. 


Author’s Closure 


Mr. Crane’s reference to the theory of orientation of crystals and atomic 
attraction as an explanation of the phenomenon of “pick-ups” on dies, certainl) 
appears to be as valid and logical as the author’s attempt to account for it by 
the generation of localized heat on microscopic areas which leads to direct 
fusion. An idea of the effect of intense localized heat may be gained by ob- 
serving the manner in which an ordinary match is ignited. The coating on 
the tip of the match (particularly the so-called “safety matches”) does not 
become ignited unless it is brought in contact with’ a very hot substance, but 
when the match is rubbed against a prepared rough surface the heat localized 
at the microscopic rubbing areas is sufficiently high to ignite the match tip. 

In all probability “pick-ups” are the result of accidental orientation of the 
crystals of the metals in contact, the action being accelerated under localized 
heat conditions. In any event, it is common knowledge that “pick-ups” what- 
ever their cause may be, can be prevented by the interposition of an effective 
lubricating film between the surfaces of the die and the worked metal. 
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MOLYBDENUM HIGH SPEED STEELS 
By JoseEpH V. EMMONS 
Abstract 


An investigation has been made of the properties and 
performance of several types of molybdenum high speed 
steels. The mechanical properties of hardness, strength 
and plasticity have been determined for each type of steel 
through an extensive range of heat treatments. 

The microstructures have been studied and interesting 
observations discussed. 

The cutting quality has been determined by means of 
an extensive serics of drilling tests. Brief correlations are 
made between the cutting quality, the structure and the 
mechanical properties. 

Comparisons are made between the molybdenum 
steels and some well known types of tungsten high speed 
steels. 

A new type of molybdenum high speed steel, carrying 
about one-fourth as much tungsten as molybdenum, has 
been developed and found to be superior in many respects 
to the molybdenum high speed steels previously examined. 


OLYBDENUM high speed steels have been known almost as 
long as those made with tungsten. They were investigated 
extensively by Messrs. Taylor and White (1),* as well as by many 
others. Important recent developments have been reported from the 
metallurgical laboratory of the Watertown Arsenal by Captain 
Ritchie (2). An historical account of these early experiments is 
given in the monograph, “The Alloys of Iron and Molybdenum,” (3) 
recently prepared for the Alloys of Iron Committee at the Battelle 
Memorial Institute. This monograph contains such a complete 
bibliography that only a few special references to the literature seem 
necessary here. 

It has been the general opinion of previous investigators that the 
role of molybdenum in high speed steel is as a replacement element 


“The numerals enclosed in parentheses pertain to the references appended to this paper. 





\ paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. The author, Joseph V. Emmons, a 
membs r of the society, is metallurgist, Cleveland Twist Drill Co., Cleveland, 
“no. Manuscript received July 1, 1932. 


193 


194 lRANSACTIONS OF THE 4A.S.S.T. 


for tungsten. It has been the intent in the investigations here re 
ported to consider molybdenum in high speed steels not as a subst; 
tute but as an alloy with an individuality of its own. It has been 
hoped that some information would thus be gained to assist in deter 
mining the potential field of molybdenum high speed steels iy 
industry. 


The method of attack has been by means of an investigation 


of the mechanical properties of hardness, strength and _ plasticity, 


in a manner which has been previously described (4), (5). These 
mechanical properties have also been supplemented by a study oj 
the microstructure and a determination of the cutting quality of the 
steel by means of drilling tests. The method used in determining 
the cutting quality of a steel by means of drilling tests may be de 
scribed as follows: 

Drills are usually made in two sizes, such as % inch and 1 inch 
in diameter. From three to twelve drills are tested of each size, 
the larger number being used when it is desired to determine the 
best of several promising heat treatments. [Each drill is given three 
or four tests in different materials, the point being reground for 
ach test. All tests were run to a finish, that is, until the drill will 
no longer cut. The materials drilled are such as S.A.E. 1040, hav- 
ing a Brinell hardness of about 170; S.A.E. 3335 heat treated to a 
Brinell hardness of about 225; chromium die steel annealed to a 
Brinell hardness of about 210, and hard cast iron having a Brinell 
hardness of about 200. The standard of comparison is the pertfor- 
mance of drills of the 18-4-1' type of steel which are included in 
each test. In order to obtain a numerical basis for comparison, the 
results of each test are calculated as a percentage with the per- 
formance of the 18-4-1 drills taken as 100 per cent. The percentages 
earned by the drills of a certain steel in each material are then aver 
aged together to form a final performance percentage. These final 
performance percentages thus represent an average of from ten (0 
twenty individual tests of different sizes of drills in a wide variet} 
of materials and under different operating conditions. When sev- 
eral heat treatments which differ widely have been tried, the one 
producing the best results is used for the average. It is believed 
that such an average performance rating is much more valuable than 
the results of any single test, no matter how conducted. 


118.00 per cent tungsten, 4.00 per cent chromium, 1.00 per cent vanadium. 
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\t the initiation of the experiments here reported there were no 
olybdenum high speed steels available on the market. This may be 
taken as an indication that the general consensus of opinion in the tool 
steel industry was, that molybdenum high speed steels were not able to 
compete successfully with those made from tungsten. Such samples 
of experimental steels as remained in the hands of the previous ex- 
perimenters questioned, were found to be either insufficient in quan- 
tity or unsuitable in form for the desired determinations of the 
mechanical properties. It was found necessary in order to obtain the 
amount of steel required in suitable form to have experimental heats 
made up to our own specifications. At first the compositions of these 
experimental heats were planned according to the theories advanced 
by various previous investigators. Later, as sufficient information ac- 
cumulated, new types of compositions were tried along the lines which 
appeared most interesting. 

The first experiments were made upon molybdenum high speed 
steels of the type of composition shown in Table I. In these steels 
the molybdenum is intended to completely replace the tungsten. Dif- 
ferent investigators have reported various ratios in which they be 
lieved molybdenum should be used to replace tungsten in high speed 
steel In general these ratios have been for one part of molybdenum 
to replace from two to three parts of tungsten. Steels made in ac- 
cordance with some of these ratios have been arranged for com- 
parison in order of the ratio in which the molybdenum replaced the 
tungsten referring to the 18-4-1 type of high speed steel as a stand- 
ard. It is believed that the steels in this table represent good ex- 


Table I 
Molybdenum High Speed Steels, Tungsten-Free 


Tungsten 
Molyb Equiv 


Steels Carbon Chromium Tungsten Vanadium denum Ratio(a)  alent(b) 
I 0.69 3.38 None 1.37 6.49 2.9 12.98 
Il 0.62 3.90 0.17 (c) 1.03 6.74 2.7 13.65 
II] 0.71 2.66 None 0.79 6.87 2.6 13.74 
IV 0.57 3.48 None 0.87 7.39 2.4 14.78 
V 0.66 3.70 None 1.19 8.26 2.2 16.52 
VI 0.76 3.77 None 1.21 9.03 2.0 18.06 
Vil 0.66 4.26 0.10(c) 1.14 10.19 1.8 20.48 
Vill 0.82 3.55 None 1.01 10.72 1.7 21.44 
IX 0.69 3.66 None 1.01 14.46 1.2 28.92 


(a) The product of this ratio and the molybdenum content is equivalent to approxi- 


mately 18 per cent tungsten. 


' rr, ° : A . 
\D) This tungsten equivalent is based upon the common assumption that one per cent 
lybdenum is equivalent to two per cent of tungsten. 


(c) These traces of tungsten are accidental. 


tm 
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amples of the various types of compositions proposed by previous 
investigators. 

As Steel IV may be regarded as typical of this group, the study 
of its properties will be reported in some detail. A series of harden- 
ing and tempering temperatures was selected to cover the range ex- 
pected to be useful. In the schedule which follows, each “X”’ repre- 
sents a heat treatment given to a set of two specimens: 


Hardening Schedule 
Tempering Temperatures 


§*°C) 


Not 
(22: 


Tempered 


440°F 


Hardening 
Temperature 
2090°F 
(1140°C) 


w~ 


2130°F 
(1165°C) 


y 


S 


2165°F 
(1185°C) 

2200°F 
(1205°C) 


(1240°C) 


The response of the steel to these heat treatments is shown by 
the curves in Figs. 1 to 2. The results obtained upon the duplicate 
specimens were averaged to obtain the value plotted. From a study 
of these curves it is observed that there are many points of similarity 
to the curves for the 18-4-1 tungsten high speed steel previously 
shown (5). For convenience of comparison these curves for the 
18-4-1 type of steel are here repeated as Figs. 3 and 4. 

There is a material difference in the response of the two types 
of steel to variations in hardening temperatures, the most favorable 
hardening range being much lower for the molybdenum steel than for 
the tungsten. The maximum secondary hardness? observed in the 
molybdenum steel is developed at a hardening temperature of 22/0 
degrees Fahr. (1240 degrees Cent.), which is about 130 degrees 


Fahr. (55 degrees Cent.) lower than for the 18-4-1 steel. The maxi- 


*The terms secondary hardness and secondary strength refer _to the hardness and 
strength as developed by a high tempering temperature in the vicinity of 1000 degrees 
Fahr. (540 degrees Cent.). 
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mum secondary strength? observed was developed at a hardening 
temperature of 2235 degrees Fahr. (1225 degrees Cent.), which is 
about 115 degrees Fahr. (45 degrees Cent.) lower than for the 


18-4-1 steel. 
observed to differ from 18-4-1 are: 
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(he hardnesses are generally not as high for the lower hardening 


temperatures, although the maximum secondary hardness is slightly 
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The strength of the molybdenum steel is generally higher than 
that of the tungsten steel before tempering and lower thereafter. 
The range of hardening temperatures in which a high secondary 














MOLYBDENUM HIGH SPEED STEELS 201 





strength is maintained appears to be narrower in the molybde- 
num steel. 

The plastic deformation shows wider fluctuations than with the 
i8-4-1. It attains high values before tempering and at the inter- 
b 2 mediate tempering temperatures, but shows a more abrupt falling 
off at high hardening temperatures. 


tt 


Limitations of space will not permit the inclusion of complete 


EA he ah see 


5s curves for all the steels in Table I. Some of the most interesting 
8 : data are shown in Table IV. General comparisons are made as 
cs A follows: 

0 q Steel No. 1 having higher carbon and vanadium contents and 


lower molybdenum shows a very similar range of properties. The 


sus 


3 oe 2 maximum strength is developed at a hardening temperature of 2200 
Sot degrees Fahr. (1205 degrees Cent.), which is 35 degrees Fahr. 
2S s% (20 degrees Cent.) below the corresponding temperature for Steel 
78 = S [V. The plastic deformation is generally lower and decreases rapidly 
= =e at hardening temperatures above 2200 degrees Fahr. (1205 de- 
3 $3 grees Cent.). 

8 os Steel II having slightly higher carbon, chromium and vanadium 
2 oy contents, together with a trace of tungsten, shows similar mechani- 
28 és cal properties to Steel IV. 

PS Sx Steel III having a higher carbon and a lower chromium content 
PSE develops its maximum secondary hardness at a hardening temperature 
: ‘8 as low as 2200 degrees Fahr. (1205 degrees Cent.), which is 70 
. 3s degrees Fahr. (40 degrees Cent.) below the corresponding tempera- 
yet ra ture for Steel IV, and 200 degrees Fahr. (110 degrees Cent.) below 
? :, this temperature for the 18-4-1 type of steel. This maximum of sec- 
2 ot ondary hardness is also maintained over a wider range of both hard- 
2 = ening and tempering temperatures, than is the case with Steel IV. 
r A5 The maximum secondary strength is developed at 2165 degrees Fahr. 
roe (1185 degrees Cent.), which is 70 degrees Fahr. (40 degrees Cent.) 
A (i below the corresponding temperature for Steel IV. The maximum 
” oi plasticity develops at a tempering temperature of 640 degrees Fahr. 
= mde (340 degrees Cent.), which is much lower than with Steel IV. 


of 
I 


Steels V and VI did not have sufficient material available to 
permit a determination of the mechanical properties. 


i Steel VII having higher carbon, chromium, vanadium and 
‘her thal! : 


; molybdenum contents, shows hardness curves surprisingly similar 
1ereaiter. 


to those of Steel IV. The maximum secondary strength is less than 


econdary 
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for Steel IV, and tends to develop at a tempering temperature about 
20 degrees Fahr. (10 degrees Cent.) lower. The plasticity at al] 
heat treatments is much lower than for Steel IV. 

Steel VIII with higher carbon and molybdenum contents also 
shows hardness curves quite similar to those of Steel IV. The 
strength curves show a higher average than observed in Steel IV. 
The maximum secondary strength is the highest observed for any 
of the steels in Table I. It is the only tungsten-free steel showing 
a secondary strength which approaches that of the 18-4-1 Steel XXII, 
The plastic values are upon a lower level than those of Steel IV, 
although the shape of the curves is generally similar. 

Steel IX having a higher carbon content and a much higher 
molybdenum shows a radical change in the curves for all of the 
physical properties. The hardness and strength have fallen off to 
values which are below the range of usefulness for cutting tools. The 
plasticity has moderate values but has become unresponsive to varia- 
tions in heat treatment. 


Microstructure of the Tungsten-Free Steels in Table I 


Photomicrographs are shown of some typical structures of a 
few of these steels. Particular attention is called to the fine struc- 
ture of the martensitic matrix, which in some cases appears to have 
an important influence upon the results obtained from the steel. 

Fig. 5 shows Steel IV at its maximum observed strength. The 
structure is quite similar to that of the 18-4-1 steel in Fig. 11, except 
that the carbide masses are fewer and smaller. 

Fig. 6 shows Steel IV at its maximum observed hardness. ‘The 
austenitic grains are quite large. The carbides are few, small and 
are concentrated principally on the grain boundaries. They are be- 
ginning to show a cubical shape. 

Fig. 7 shows Steel I at its maximum observed strength. The 
structure is similar to that of Steel IV in Fig. 5. The increase in 
carbon content has not been sufficient to produce a considerable in- 
crease in the number of carbides. 

Fig. 8 shows Steel III at its maximum observed strength. The 


martensitic structure is sharper and cleaner cut than in Fig. 5. While 
the carbon of this steel is up to 0.71 per cent, the structure contains 
relatively few carbides. The austenitic network has been almost 
completely obliterated by the high tempering temperatures. 
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Fig. 5—Steel IV, Structure at the Maximum Strength Hardened at 2235 Degrees 
(1205 Degrees Cent.), Tempered at 1040 Degrees Fahr. 1800. 
Fig. 6—Steel IV, Structure at the Maximum Secondary Hardness, Hardened at 


70) Degrees Fahr. (1240 Degrees Cent.), Tempered at 1040 Degrees Fahr. x 1800. 


rig. 7—Steel I, Structure at the Maximum Strength, Hardened at 2200 Degrees 


r. (1205 Degrees Cent.), Tempered at 1040 Degrees Fahr. x 1800. 
_ Fig. 8—Steel III, Structure at the Maximum Strength, Hardened at 2165 Degrees 


(1185 Degrees Cent.), Tempered at 1040 Degrees Fahr. < 1800. 
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Fig. 9—Steel VIII, Structure at the Maximum Strength, Hardened at 2235 Degrees 


Fahr. (1225 Degrees Cent.), Tempered at 1040 Degrees Fahr. Xx 2000. 


Fig. 10—Steel IX, Structure at the Maximum Strength, Hardened at 2270 Degrees 


Fahr. (1240 Degrees Cent.), Tempered at 1040 Degrees Fahr. x 2000. 


Fig. 11—Steel XXII (18-4-1), Structure at the Maximum Strength, Hardened at 


2360 Degrees Fahr. (1290 Degrees Cent.), Tempered at 1040 Degrees Fahr. x 1800 
Fig. 12—-Steel XVII, Structure at the Maximum Strength, Hardened at 2235 De 
grees Fahr. (1225 Degrees Cent.), Tempered at 1040 Degrees Fahr. x 1800. 
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Fig. 9 shows Steel VIII at its maximum observed strength 
[his structure varies widely from that in Figs. 5 and 11. No 
austenitic grains are visible. The martensitic structure is coarse and 
shows many straight clean cut needles with but few of the distorted 
or vermiform variety. ‘The carbides are present in considerable 
quantity and are gathered into large masses. 

Fig. 10 shows Steel LX at its maximum observed strength, which 
was quite low. This is an entirely different structure from that nor- 
mally observed in high speed steel. Traces of austenitic grain 
boundaries are still visible. Some martensite is present in a fine 
vermiform structure. Carbide masses are present in considerable 
numbers and in large sizes. A soft constituent resembling ferrite 
now occupies about twenty per cent of the area. The masses of this 
soft constituent are frequently bounded by dark troostitic borders 
which merge gradually with the martensitic areas. This structure is 
interpreted to indicate that the very large amount of molybdenum in 
this steel has combined with so much of the available carbon to form 
carbide that there is not enough carbon left in solution to form a 
complete martensitic structure. 

Fig. 11 shows a typical structure of an 18-4-1 steel at its maxi- 
mum observed strength. It is included for the purpose of 
comparison. 


PERFORMANCE DATA 


The performance ratings or the determinations of the cutting 
quality by the method previously described are summarized in the 
last column of Table IV. It will be observed that the performance 
ratings do not parallel the variations of any of the mechanical proper- 
ties there tabulated. Neither does the performance of a steel bear 
any simple relation to its molybdenum content as shown in Table I. 
The poorest performance was recorded for Steel III, in which the 
chromium was conspicuously low. The best performance was re- 
corded for Steel VIII, in which both molybdenum and carbon were 
high. It is definitely shown by the results upon Steel IX that increasing 
the molybdenum content much above 11 per cent in a steel of this 
general composition will seriously lower both the hardness and the 
strength to the point where cutting quality will be low. 

It seems definitely established that the performance of this type 
of steel is materially below that of the 18-4-1 type as illustrated by 
Steel XXII. As a type it is more nearly on a par in cutting quality 
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with the 15-4-1 type of high speed Steel XXI. A number oi 
tempts have been made to improve the cutting quality of th 
molybdenum high speed steels. Steels IX, XVII, XVIII and X| 
were made for this purpose. 

It has already been shown by the results on Steel IX that in- 
creasing the percentage of molybdenum beyond a certain point 
produce diminishing returns. 

Steels XVII and XVIII are attempts to improve the properties 
of two varieties of molybdenum steels by the addition of cobalt. By 


reference to Table V1, it will be seen that the addition of cobalt has 


produced steels with high strength and hardness but with low plas- 
ticity and cutting quality. The structure of Steel XVII at its peak 
of strength is shown in Fig. 12. Faint traces of austenitic grains are 
visible. The martensitic structure is fine and distorted. The car- 
bides are normal in size and quantity and show even distribution. 
Steel XIX was made to determine if an addition of nickel would 
improve the properties of the tungsten-free molybdenum steels. The 
summarized data in Table VI show that while the hardness has been 
maintained, the strength and the performance have both been lowered. 
The plasticity was not materially changed. The tempering tempera- 
ture at which the maximum secondary strength is developed was 
raised from 1040 to 1140 degrees Fahr. (560 to 615 degrees Cent.). 


An ATTEMPT TO IMPROVE MOLYBDENUM HIGH SPEED STEELS 
3y RELATIVELY SMALL ADDITIONS OF TUNGSTEN 


It was concluded in some of the early experimental work with 
the straight molybdenum high speed steels, that the necessity of using 
low hardening temperatures to secure adequate grain refinement and 
strength was a disadvantage which perhaps partially explained the 
low cutting quality observed. The coarse martensitic needle shapes 
which were developed by the hardening temperatures producing the 
peaks of strength were also believed to be detrimental to the cutting 
quality. Among the other attempts made to raise this permissible 
hardening temperature, to refine the martensitic structure and to 
improve upon the cutting quality, the addition of a moderate amount 
of tungsten was tried. Encouraging results led to the investigation 
of a series of steels of this type. Table II shows the compositions 
of six such steels covering a considerable range of variations in 
composition. 
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Steel XII has been selected as being representative of the type. 
The response of its mechanical properties to variations in heat treat- 
ment will be shown in detail. In the following schedule of heat 
treatments each “X”’ represents a heat treatment given to a set of two 
specimens from this steel. 


} 


Tempering Temperatures 


~5 &O HO B&O BO BO BO BO BO BO 
~ °° °° °° °° c ) °° ° r ° °° 
Ze own oS oc on oo on —I-, ov oo 
Hardening . 3n Ge Sa Ba oe 2m Za Se. da 
lemperatures e ~ ~ ~ ~ ig 7 Sa ont Nas ‘esl ae cana 
2130°F : : . : . > 
(1165°C) X X xX X X X xX X xX 
2165°F . : : : 4 a 
(1185°C) X Xx X X X X X xX X 
2200°F - ; 
(1205°C) xX X X xX X xX X X X X 
2235°F : 
(1225°C) X xX X X X X X X » X 
2270°F 3 ; ; ; 
(1240°C) Xx xX X X X X xX xX X X 
2310°F 
(1265°C) X p 4 X X X X X X X X 


The data upon the mechanical properties of these specimens 
are shown plotted in the form of curves in Figs. 13 and 14. In these 
curves the duplicate specimens have been averaged to obtain the value 
plotted. Particular attention is called to a few of the relations be- 
tween these curves and the corresponding ones for Steels IV and 
XXII. The hardness curves are similar to those of Steels IV and 
XXII. 

The strength curves have been powerfully affected by the tung- 
sten addition. The strength of Steel XII before tempering is much 
lower than for Steel IV, and more nearly like that of Steel XXIT. 
With increasing tempering temperatures the strength of Steel XII 
increases rapidly so that the average strength after tempering is 
higher than that of Steel IV. Steel XII develops maxima of strength 
when hardened at both 2200 degrees Fahr. (1205 degrees Cent.) and 
2235 degrees Fahr. (1225 degrees Cent.), and tempered at 1040 de- 
grees Fahr. (560 degrees Cent.) which are not only superior to the 
highest strength observed for Steel IV, but are also equivalent to 
the highest observed strength for Steel XXII (18-4-1). At a hard- 
ening temperature above the one at which the maximum strength is 
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developed the strength of Steel XII appears to fall off less rapidly 
than Steel IV, but more rapidly than Steel XXII. In general the 
strength curves more nearly resemble those of Steel X XII than those 
of Steel IV. 

The plasticity curves for Steel XII do not show the wide fluctua- 
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tions between the maxima and the minima which characteriz: 
corresponding curves of Steel IV. They more nearly resemb| 
corresponding curves of Steel XXII (18-4-1) but have a lower ; 
ticity at the peak of strength. 

Full details of the response to heat treatment of the remainde; 
of the steels in Table II will not be given. Some of their most note- 
worthy characteristics are summarized in Table V and commented o; 
as follows: 

Steel X having the lowest alloy content, also has the lowest 


strength, hardness and plasticity of any of the steels of this type 


Table Il 


Molybdenum High Speed Steel, Tungsten Bearing, with from 15 Per Cent 
to 30 Per Cent as Much Tungsten as Molybdenum 


Ratio 
W ‘Tungsten 
Car Tung Molybde Equiv 
bon Chromium. sten Vanadium num Ratio(a) Mo. (b) alent(c) 


3.65 1.69 1.00 6.67 2.4 y 15.03 
0.68 3.96 2.01 1.04 7.10 2.3 8.3 16.22 
0.66 3.53 1.99 1.00 8.20 2.0 : 18.39 


0.6] 3 
3 

0.78 5.25 2.06 1.01 8.18 1.9 25. 18.42 
3 
3 


0.90 3.33 1.59 1.66 9.65 1.7 
0.76 3.82 1.67 1.01 11.05 io 


The product of this ratio and the molybdenum content is equivalent to approx 
mately 18 per cent tungsten. 
(b) This is the per cent of tungsten with reference to the molybdenum content 


(c) This tungsten equivalent is based upon the common assumption that one per cent 
of molybdenum is equivalent to two per cent of tungsten. 


Its properties correspond more nearly to those of Steel X XI (15-4- 
1), a tungsten high speed steel also of low alloy content. It is ob 
served that it has a higher strength, a similar hardness and a lowe 
plasticity than Steel X XI. 

Steel XI having a higher chromium and a lower molybdenum 
than Steel XII, has properties quite similar to it except that it shows 
a high plasticity. It is noted that the maxima of the mechanical 


properties as noted in Table V, are on a par with those of Steel XXII, 


as shown in Table VI. 

Steel XIII having a higher carbon and chromium content, has 
similar properties to those of Steel XII, with somewhat lower 
strength and higher hardness. Its maximum secondary hardness |: 
definitely above that of Steel XXIT. 

Steel XIV has higher carbon and molybdenum with lower tung 
sten. Its strength is on a par with that of Steel XXII. Its maximum 
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oh Table Ill 
2 Miscellaneous Compositions of Molybdenum and Tungsten High Speed Steels 
. ee Tungsten Ratio 
es Car Chro rung Vana \Molyb Equiv. W/Mo 
Sy Steels bon mium sten dium denum Cobalt Nickel Ratio(a) (b) (c) 
Ae XVI 0.75 3.91 4.01 112 817 Non Non 1.7 20.35 49.1 
‘ XVII 0.66 4.32 0.04 1.18 10,29 11 None 1.8 20.62 0.4 
ig XVIII 0.69 3.51 None 1.01 6.46 3.88 None 9 12.92 
; XIX 0.71 4.18 None 1.01 5.94 None 2.04 ..0 11.88 eo 
XX 0.77 4.09 12.47 0.77 2.14 None None 2.6 16.75 582% 
XXI 0.67 3.80 14.45 0.63 None None None 14.45 
» WT 0.69 Sta anae 1.00 None None None 18.17 
os (a) The product of this ratio and the molybdenum content is equivalent to approxi 
oe mately 18 per cent tungsten. 
5 (b) This tungsten equivalent is based upon the common assumption that one per cent 
‘Sy f molybdenum is equivalent to two per cent of tungsten 
Bs [his is the per cent of tungsten with reference to the molybdenum content 
3 (d) This is an 18-4-1 type studied previously (4) 
bi? 
iG = am 
2 
a secondary hardness is the highest observed in any of the experiments 


Steel XV having higher carbon and very high molybdenum has 


a lower maximum strength, similar hardness and higher plasticity 


pote } ‘ . 
J Photomicrographs illustrating the structures of some steels of 
=) this type at their maxima of strength are as follows: 
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than is usually observed. 


Hig. 15, shows Steel XII. 
ened and tempered high speed steel. 
ig. 16, shows Steel XIV. 


structure but shows finer austenitic grains and finer martensitic mark- 


This structure is typical of a hard 


ereat strength, as shown in Table V. 


Fig. 17, shows Steel XV. 


(Note the similarity to Fig. 11). 


It is also a typical high speed steel 


ings, with less of the dark troostite outlining the martensitic ‘‘worms,”’ 
The carbides are small and well distributed. 
Uhis structure has a remarkable combination of high hardness, and 


The austenitic grain size is normal. 
> 


lhe martensitic structure is fine and vermiform. 


The carbides are 


present in considerable quantities, gathered for the most part in large 


masses. There is some evidence of unusual troostitic development in 


spots which may be the beginning of a scarcity of carbon. This would 


be caused by the high molybdenum content withdrawing carbon from 
solution to form carbide. 


‘he data obtained on the performance of the steels of Table II, 
are shown in the last column of Table V. 


the performance ratings of the various steels do not bear a direct re- 
lation 


Again it is observed, that 


to any of the mechanical properties recorded. It is also ob- 
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MOLYBDENUM HIGH SPEED STEELS 


Table IV 
Summary of the Mechanical Properties and the Performance of the 
Molybdenum High Speed Steels, Tungsten-Free 
Maximum Sec- Maximum Plasticity 

ondary (a) Secondary (b) at Maximum (c) (d) Fracture Performance 
Strength Hardness Strength Coarsens 

“— °C 

429 64.6 95 2270 1240 64 

429 63.3 147 2270 1240 76 

429 65. 111 2270 1240 33 


Rating (e) 


eel 


443 65.8 108 2270 1240 43 
f Pitt iat 2290 1250 66 
f oats ie 2290 1250 62 

411 a 4] 2310 1265 60 

467 65.5 51 2290 1250 91 

268 54.8 75 2305 i275 g 


[he average performance rating, of the eight steels of this type tested, is 62 per cent. 
(a) In pounds torque at one inch radius. 

(b) Rockwell C scale. 

(c) Plastic deformation in degrees of twist. 

(d) Approximate hardening temperature at which the fracture becomes coarse with 


a soaking time of thirty seconds. 


(e) In percentage of the drilling performance of the 18-4-1 type of steel. 

({) The material available was not sufficient for an examination of the mechanical 
properties on these steels. 

(g) No drilling tests were made upon this steel. It is believed from the mechanical 
properties observed that if tried, the performance rating would approach zero. 


served that the performance is not directly in proportion to varia- 
tions in the “tungsten equivalent,” as calculated by the most com- 
monly known ratio of one molybdenum to two tungsten, and shown 
in the last column of Table II. Brief comments upon the perform- 
ance of the individual steels are as follows: 

Steel X, has a low alloy content. Its physical properties resemble 
those of Steel XXI (15-4-1) so that it is comparable with this low 
tungsten type of high speed steel. The performance rating of Steel 
X is 83 per cent, as against 55 per cent for Steel XXI. This indicates 
a surprising amount of cutting quality for such a low alloy steel. 

Steel XI, has a somewhat higher molybdenum content and phy- 
sical properties which make it comparable to the 18-4-1 type. Its per- 
formance rating of 94 per cent indicates that it is indeed in that class. 

Steel XII with considerably higher molybdenum, and the highest 
strength recorded in these experiments, has a performance rating of 
88 per cent. This drop in performance indicates that the strength is 
not the only factor controlling cutting quality. 

Steel XIII, has a high carbon and a high chromium content. Its 


strength is fair and its hardness is high. The performance rating is 
113 per cent. There is not yet sufficient data at hand to say definitely 
to what extent this increase in performance was due to the variation 
of the carbon and the chromium contents. 


















TRANSACTIONS OF THE A.S.S.T. 
Steel XIV is characterized by higher molybdenum and muc 
higher carbon. Its strength is good, its hardness very high and its 
plasticity low. Its performance rating is 104 per cent. 

Steel XV, has very high molybdenum with moderately high car 
bon. Its strength is only fair, its hardness good, and its plasticity 
moderately high. Its performance rating is also 104 per cent. 

Looking at the preceding six steels as a type, it is apparent that 


eer 


they are entitled by their performance to consideration in the same 
class as the familiar types of tungsten high speed steels. 


LIMITS OF ANALYSES RANGE 











It has not as yet been possible to determine definitely the exact 












range of analyses which limit this type. A general idea as to the low 
limit for tungsten is obtained by the results upon the steels in Table I. 
In order to investigate the high limit for tungsten, experiments were 
conducted upon Steel XVI shown in Table III. This steel contains 
about 4 per cent tungsten or about 49 per cent as much tungsten as 
molybdenum. As the mechanical properties of this steel have shown 


distinct departures from the conventional data, it is desirable to show 
them in detail. The schedule of heat treatments is as follows, each 
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“X” representing a heat treatment given to duplicate specimens. The 
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hardening temperatures were planned to cover a higher range than 
used for the steels in Table II, because it was thought probable that 
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the high tungsten content would raise the permissible hardening tem- 
peratures. 
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The data from the observations upon the mechanical properties are 
found in the curves shown in Figs. 19 and 20. The duplicate spect- 
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Table V 


Summary of the Mechanical Properties and the Performance of the Molybdenum 
High Speed Steels, Tungsten-Bearing, with from 15 Per Cent to 30 Per 
Cent as Much Tungsten as Molybdenum 


stici Maximum Sec- Maximum Plasticity 
Rar rt Steels ondary (a) Secondary (b) at Maximum (c) (d) Fracture Performance 
Strength Hardness Strength Coarsens Rating (e) 
oF 
it that ; x 439 64.6 76 2290 
y X 476 65.3 216 2290 
Same ; X 478 64.8 94 2290 
D : 462 66.3 85 2290 
470 67.6 78 2310 
449 65.1 147 2325 


° 
ao 
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83 
94 
88 
113 
104 
104 


et et et 
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The average performance rating, of the six steels of this type tested, is 98 per cent. 
(a) In pounds torque at one inch radius. 
(b) Rockwell C scale. 
exact (c) Plastic deformation in degrees of twist 
: (d) Approximate hardening temperature at which the fracture becomes coarse with a 
ne low % soaking time of thirty seconds. 
able I. . (e) In percentage of the drilling performance of the 18-4-1 type of steel. 
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Table VI 
Summary of the Mechanical Properties and the Performance of the Miscellaneous 
Molybdenum and Tungsten High Speed Steels in Table III 
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(a) In pounds torque at one inch radius. 
(b) Rockwell C scale. 
(c) Plastic deformation in degrees of twist. 


(d) Approximate hardening temperature at which the fracture becomes coarse with 
soaking time of thirty seconds. 


(e) In percentage of the drilling performance of the 18-4-1 type of steel. 


70°C) 


1240°F 


C6 


mens have been averaged to obtain the value plotted. These curves 
are to be compared particularly with those for Steel XII in Figs. 13 
and 14, 

The hardness curves are similar in shape to those of Steel XII, 
but show considerably higher hardness, both before tempering and at 
the maxima of secondary hardness. 

The strength curves are also similar in shape to those of Steel 
XII but uniformly show much lower strength. 

The plasticity curves also show some similarity of shape but 
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the curves for Steel XVI are the more erratic while the general 
plasticity has been lowered to such an extent that the steel must be 
characterized as brittle. 

A photomicrograph illustrating the structure of Steel XVI at the 
maximum of strength is shown in Fig. 18. The austenitic grains are 
large but indistinct. The martensitic structure is partly vermiform 
but has a strong tendency toward the development of straight needles 
which are coarser than those in Figs. 11, 15, 16 and 17. The carbides 
are in large rounded masses. The coarse structure of the martensite 
probably contributed to the brittleness of this type of steel. The 












MOLYBDENUM HIGH SPEED STEELS 


— ——_—_— > - - . 
2 X | A ] 7) Geo? 
> t - 1 + | < 1 / Ss ¢ 7 ~T 
‘ cee a st Bae vy 
9 s f | / Z£CC 3 = 





| ' | 
| ro 
| | — Sk$e7 






py & 
E 
y 2 
ae 


ratures: 






a 





w 


Tempering Temperatures. Degrees fabrenhert 
] 
— 
| 
} 
> 
4 
i 
| 
= 2 S 
S K 
NX 
Tem 
Deforma 





lrempering 


kwell Hardness 
ature 


AN 
Sv 
, 
| 
g 
% 

¢ 
ning 





Rox 
ersus 
Harde 


Set of Curves) Plastic 


a — = = 
of 
rempe: 








(Upper Set 





(Lower 


= 


or ( 





*t 
Jetorn 


eel XVI, 
Se 
I 








of Curves) Rockwell Hardness versus 


Not Tempered 
ot 


zg 19 
( Middle 
l 






Fig 


NTI 








Curve 


tures 
Hardening Temperatures 


(Upper Set 








penera 








Steel XVI, 


Torque versus 


nust be 






20 


[ at the 
ins are 






_ Fig. 
Ultimate 


tures. 








niform 
needles 






Saa/bag UI VOLJELUIO/AG 







arbides 
-tensite 


The 





218 TRANSACTIONS OF THE A.S.S. T. \ 


expectation that the range of permissible hardening temperatures 
would be raised, was only slightly realized. 

The performance of this steel as shown in the last column of 
Table VI is 64 per cent. This low rank appeared to be largely due to 
the chipping and crumbling of the cutting edges caused by the ex 
cessive brittleness. 


keFFECT OF SMALL MOLYBDENUM ADDITIONS TO TUNGSTEN 
Hicu Sprep STEELS 


In Steel XX the relative amounts of tungsten and molybdenum 
are about reversed from the proportions used in the steels of Table II, 
It was desired to determiné if the beneficial effects so outstanding in 
the high molybdenum steels of Table Il would also be found if the 
proportions were reversed. Full details as to the mechanical proper- 
ties will not be given but from the data in Table VI it is observed that 
while the hardness is normal, the strength, plasticity and cutting qual 
ity are low. 


SUMMARY 
Tungsten-Free Molybdenum Steels 


In a study of the observations upon the straight molybdenum 
high speed steels listed in Table I, the following remarks seem per- 
tinent. 

The most favorable range of hardening temperatures is from 100 
to 150 degrees Fahr (55 to 85 degrees Cent.) lower for molybdenum 
than for tungsten high speed steels. 

The melting point of the carbides in the molybdenum steels as 
evidenced by the formation of eutectic skeletons, is also about 150 
degrees Fahr. (85 degrees Cent.) lower than for the tungsten steels. 

The molybdenum steels develop their secondary hardness and 
strength at about the same tempering temperatures as the tungsten 
steels. ‘There is some evidence that the range of both hardening and 
tempering temperatures in which the best properties are developed, is 
slightly narrower for the molybdenum than for the tungsten steels. 

The molybdenum steels are in general equal in hardness to the 
tungsten steels but lower in strength and plasticity. The martensitic 
structure of the molybdenum steels is frequently coarser than in the 
tungsten steels. For similar carbon contents the molybdenum steels 
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w fewer carbides in the structure than the tungsten steels. If 


the carbon content of the molybdenum steels is increased to the point 
where a normal amount of carbides appear in the structure, the 
strength and the cutting quality both seem to be improved. 

Additions of cobalt and nickel did not appear to improve either 
the mechanical properties or the cutting quality. 

In cutting quality the molybdenum steels are definitely below the 
tungsten steels. The average performance rating of the steels in the 
Group No. I to VIII being only 62 per cent of that of the 18-4-1 type. 

It would appear that sufficient reasons are here found to account 
for the well known lack of commercial popularity encountered by this 
type of steel in the past. 


Tungsten Bearing Molybdenum Steels 


The type of molybdenum high speed steel with an auxiliary tung- 
sten content of about 25 per cent of the total amount of molybdenum 
present, may be commented on as follows: 

The tungsten addition has had a slight effect toward raising the 
hardening temperatures at which the most desirable properties are 
developed. It has also slightly raised the hardening temperature at 
which a coarse fracture appears. 

It has had a pronounced effect in reducing the size of the marten- 
sitic needles and in converting them from the straight needle to the 
distorted or vermiform type. It has not affected the hardness 
materially. It has definitely increased the strength. It has smoothed 
out some of the wide fluctuations in plasticity which have been char- 
acteristic of the tungsten-free steels. It has effected a pronounced 
improvement in the cutting quality, the average performance rating 
of Steels X to XV inclusive being 98 per cent. 

There appears to be a limit to the amount of tungsten which 
can be advantageously employed in a molybdenum steel of this type. 
In Steel XVI, while a high degree of hardness was produced by a 
tungsten addition to the amount of about 50 per cent of the molyb- 
denum present, it was accompanied by great brittleness and poor 
performance. 

Investigation of combinations of tungsten and molybdenum in 
other proportions such as tried in Steels XVI and XX have as yet 


failed to produce favorable results. 











TRANSACTIONS OF THE A. S. S. T. 
[It is believed that in this type of steel some of the most impor- 
tant limitations which have prevented the commercial development of 
molybdenum high speed steels in the past have been either greath 
reduced or entirely eliminated. 


CoNCLUSIONS 


A general conclusion is that the property of a high speed stee! 
known as “cutting quality” is complex and that it cannot be defined 
in terms of any single mechanical property here investigated. 

With reference to the tungsten-free molybdenum steels, it js 
concluded as a result of these experiments that they have a cutting 
quality definitely below that of the standard 18-4-1 type of steel, 
Their performance seems to be more nearly on a par with the 15-4-] 
type of tungsten high speed steels. 

A new type of high speed steel has been developed in which 
molybdenum is the principal alloying element and to which has been 
added about one-fourth as much tungsten as molybdenum. The other 
alloying elements are those commonly found in high speed steels and 
in the usual proportions. The addition of such an auxiliary amount 
of tungsten has been found to improve the microstructure and the 
strength, to make the plasticity more uniform and particularly to 
greatly increase the cutting quality. The cutting quality of this type 
as measured by drilling tests greatly exceeds that of any other molyb- 
denum steels previously examined, and at least approaches that of 
the I8-4-1 type of tungsten steels. The beneficial effects of the 
addition of this small amount of tungsten is materially greater than 
can be explained upon any basis of the equivalency of the two 
elements. 

It is further concluded that the statement so common in the 
literature that “molybdenum will replace tungsten in high speed 
steel in the proportion of one to two,” is much too broad and also 
that it leaves much unsaid. The behavior of the two elements is here 
shown to be different in a number of important particulars. Their 
behavior is particularly different when both are present in the same 
steel. There appears to be no simple ratio in which they may be 
substituted for each other, either as a whole or in part, to produce 
a uniform cutting quality. The original belief which led to this 
investigation has now been confirmed, that is—molybdenum high 
speed steels have an individuality of their own. 
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DISCUSSION—HIGH SPEED STEELS 2?1 


From a study of these results, it seems reasonable to predict 


that molybdenum high speed steels will find a field of usefulness in 


‘ndustry on their own merits. 

It is realized that the results above reported are incomplete and 
that there are many gaps to be filled. It is presented only as a single 
stone in the foundation of our knowledge of high speed steels. 

\cknowledgment is made of the assistance of the Sanderson 
Works of the Crucible Steel Company of America, who have 
executed the specifications of the author on many of the compositions 
of steel used in the experiments here reported. 
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DISCUSSION 


Written Discussion: By Frank Garratt, Universal Steel Co., Bridgeville, 
Pennsylvania. 

The society is again to be congratulated on hearing from Mr. Emmons a 
paper of his usual quality. The subject which he discusses should be of great 
interest to all users of cutting steels, and is of particular interest to the speaker, 
since it confirms in many respects conclusions we have made _ regarding 
molybdenum cutting steels. 

We were impressed some time ago with the vulnerable position tungsten 
occupies in the high speed steel industry, and in view of the generally ad- 
mitted fact that molybdenum was of considerable value in certain cutting steels, 
it seemed somewhat surprising that the element had not come into wider use 
in steels of the high speed type. Realizing that it had great possibilities as a 
strategic metal, and that its use should eliminate wide price fluctuations in 
tungsten steels in times of national stress, it was determined to learn why 
molybdenum steels had had so little permanency in the various commercial 
efforts that had been made to exploit them. 

Our early work emphasized that steels in which molybdenum entirely 
replaced tungsten were distinctly unreliable, a fact which seems to be well 
known to those who have worked with molybdenum high speed steels. It 
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was only natural to investigate added elements that would give the ste 
stability they required, and after some experimentation it was decided ¢| 








tungsten showed more promise than any of the elements that were invest 
It was found that when tungsten was added in certain limited proportion 
reliable steel of considerable merit could be produced. There was, therefo 
finally produced a “base” composition that was found to be fully the equal oj 
the 18-4-1 type of tungsten steel that is today considered the “base” compositi 
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of the tungsten steels. The molybdenum-tungsten cutting steel so develope 
is now being marketed in substantial quantities, and a chemical analysis of 
average sample will show the following typical composition : 
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[It will be observed that this composition is quite similar to those which M: 
Emmons has independently found to give best results in his drilling tests, and 
it is particularly gratifying to be able to confirm his results. The fact that 
independent workers on this problem have arrived at substantially the same 
result would indicate that steels of the above composition have considerabl 
merit. 

Since our work has indicated that only the molybdenum-tungsten types of 
steels can be seriously considered as rivals of the 18-4-1 type of tungsten 
steels, we are confining our discussion of Mr. Emmons’ results to his steels 
X to XVI. Mr. Emmons has selected XII as being representative of the 
molybdenum-tungsten type. While this particular composition has given fairl) 
good results, in comparison with 18-4-1 tungsten steels, our work has led us 
to beheve that it would have shown better cutting results had the carbon been 
somewhat higher. It has been our experience that the effectiveness of cutting 
tools made from these steels falls off rapidly as the carbon drops below 0.70 
per cent, and it is of interest to note that Steels X, XI, and XII, containing 
0.68 per cent carbon, or less, do not give as good cutting results as Steels XIII, 
XIV, and XV containing 0.76 per cent carbon, or over. It is questioned 
whether the variations in the percentages of the other elements shown have 
had as profound an influence on the cutting properties as the varying per- 
centages of carbon. Mr. Emmons’ average results with this group of steels 
show about the same performance as the standard 18-4-1 tungsten steel. It 1s 
of interest in this connection to know that over the past several years we 
have made several hundred tests on steels conforming rather closely to the 
typical composition to which I have previously referred. Comparisons have 
been made in all cases with various brands of standard 18-4-1 tungsten steels, 
and the average performance of all the molybdenum-tungsten steels thus far 
tested is definitely better than the best 18-4-1 type of tungsten steel which we 
have tested. Service tests are confirming the results which have been obtained 
in a laboratory way. 
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DISCUSSION—HIGH SPEED STEELS 223 
It might be considered unusual that Steel XVI, containing 4 per cent 
esten should fall off so rapidly in cutting performance, but here again Mr. 
Emmons’ results have confirmed our conclusions that tungsten additions sub 
Torsion 


tests show the decided lack of toughness of Steel XVI in the hardened con- 


\ 


stantially in excess of 2 per cent are detrimental rather than helpful. 


dition, and this fact quite likely accounts for its poor cutting performance. 
It is also believed that the microstructure of the 4 per cent tungsten steel, as 
It will 
he observed that the carbides tend to be quite massive, and it is difficult to see 
how such steel can be as satisfactory as Steels X11 or XV, where the carbide 


well as those steels of high molybdenum content, is quite significant. 


distribution is so uniform. 

It has been our experience that the molybdenum-tungsten steels which are 
now being marketed are hardened most satisfactorily at temperatures of around 
2175 to 2200 degrees Fahr. These temperatures are somewhat lower than 
those given in Mr. Emmons’ paper, but it is appreciated that the desirable 
hardening temperatures will vary with the preheating temperatures employed, 
the holding time at hardening temperature, the type of hardening equipment 
used, and other conditions attending the hardening practice. It is believed, 
however, that hardening temperatures much in excess of 2200 degrees Fahr. 
will be found somewhat risky for most hardening practices, owing to the ready 
tendency for the carbide eutectic to form. This is referred to by Mr. Emmons 
on page 218 of his paper in which he calls attention to the lower melting points 
of the carbides occurring in molybdenum steels. 

The usual types of hardening equipment are quite suitable for handling 
molybdenum-tungsten steels, and the fact that comparatively low hardening 
temperatures are used is a distinct advantage. It is also worthy of mention 
that annealing temperatures need not be as high as commonly employed for 
tungsten high speed steels, and annealed material can be more readily machined 
than the tungsten steels. 

Those who have worked with molybdenum-tungsten steels of the type 
discussed are impressed with the possibilities of these materials, and it is 
believed that metallurgists will find them a fruitful field for research. The 
speaker believes that progress with such steels has been retarded because they 
have been viewed too much in the light of tungsten high speed steels. Mr. 
Emmons has well expressed this when he states that “molybdenum high speed 
steels have an individuality of their own”. It should be kept in mind that the 
steels contain considerably less alloying content than tungsten high speed steels, 
and heat reactions are therefore free from the sluggishness of the latter steels. 

It should be obvious that steels of such promise will find wide application 
in industry. They are of, at least, equal quality when compared with tungsten 
steels, and are more economical to produce because of their lower alloy 
content; they have an inherent price advantage over tungsten steels because 
of their lighter weight, and it is believed that they offer new possibilities in 
untried compositions yet to be developed. 

Written Discussion: By John A. Mathews, vice-president, Crucible Steel 
Company of America, New York City. 

This paper constitutes a very important supplement to Mr. Emmons’ papers 
of last year referred to at the end of the paper. 


It gives evidence of the same 
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careful methods of investigation that were used in his earlier published pa; 


ers, 


The steels are not so familiar to the general public as the 18-4-1 steel dealt 































: 11 
with so extensively last year. Mr. Emmons, however, calls attention to the FS oan 
fact that molybdenum high speed steels have been known almost as long as thos 
made with tungsten. I am not sure but that in this country they have been = 
known fully as long as the tungsten products. The Crucible Steel Company ‘ pe 
of America manufactured a molybdenum air hardening tool steel beginning = 
about 1896. This type of steel had a considerable sale up until the introduction 7 
ot high speed steel early in this century following upon the classic investigation we 
of Taylor and White. * = 
When molybdenum was almost a chemical curiosity to the general public 
we were using about 50 tons per year some 30 years ago. In a paper on ied 
molybdenum steels presented before the American Institute of Mining Engi- : = 
neers in 1921 | outlined somewhat the history of the use of molybdenum jp _ 
this country, referring particularly to the early attempts at making high speed om 
steel with molybdenum instead of tungsten. beh 
Our first steel containing both molybdenum and tungsten was made in = 
1902. We investigated molybdenum thoroughly as a substitute for tungsten 7 
in permanent magnet steel at about the same time. The difficulties with 7 
molybdenum high speed steel as made in the early part of the century are pretty - 
well known, particularly those arising from the decarburization and de 
molybdenization of the surface when the material is subjected to elevated i a 
temperatures. In the old days when passing through the hammer shops we 
could tell what hammers were working on molybdenum steel by reason of the 7 
yellow fumes arising from it,—the fumes presumably consisting of volatile = 
trioxide. " 
A distinguished foreign metallurgist stated that molybdenum steels contain- 
ing about 6 per cent molybdenum could not be rolled. At the very time this — 
statement was made we were rolling large quantities of material containing 9 
per cent of molybdenum and later on successfully rolled steel containing up to P 
15 per cent of molybdenum. Yo 
Mr. Emmons has referred to the important investigation at Watertown : 
Arsenal under the direction of Captain S. B. Ritchie, and his most important En 
contribution was in working out a method for heating and hardening the steel the 
without producing a surface softness. From a military point of view, = 
molybdenum is looked upon as a strategic element of which we possess an ample = 
supply in our own country. The same cannot be said for tungsten. 9 
From time to time since 1902 we have manufactured various modifications 7 
of molybdenum high speed steel, including tungsten, cobalt and vanadium as W 
additional elements. This work was done on the general assumption that the | 
art of manufacture was progressing all the time and that some day our national i 
supply of molybdenum might be called upon for the manufacture of high speed : 
steel. I was in touch with the work done at Watertown Arsenal during its - 
progress and before the publication of the results. = 
In the case of one steel only tested by Mr. Emmons is there a substantial - 
improvement over the standard 18-4-1, and in this steel XIII I note the ri 
chromium content is about 1.5 per cent higher than in the general run of the e 


steels. It might be inquired to what extent this increase in chromium accounted 
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DISCUSSION—HIGH SPEED STEELS 


for the results rather than the tungsten addition or supplementing the tungsten 
addition. 

Captain Ritchie in his paper I believe specifically states that his attempts 
at making high speed steel drills from his molybdenum product were not suc- 
cessful, and certain other tool manufacturers have attempted it from time to 
time, even including a type of steel containing about one-fourth as much 
tungsten as molybdenum, but without obtaining results at all approaching those 
of the 18-4-1. And the same might be said for its use in other directions and 
for other types of tools. 

We have been particularly interested in Mr. Emmons’ work because we 
supplied a large part of the steels discussed in this paper and because of our 
general interest in the subject of molybdenum for so many years. The 18-4-1 
used as a standard for comparison with the experimental steels was in fact the 
result of the determination of this company to abandon molybdenum steels in 
behalf of tungsten steels about 1903 or 1904. Our general experience with 
molybdenum steel and its various modifications is that it is not as fool-proof 
as 18-4-1. On occasions it gives very satisfactory results, but with more 
tendency to brittleness,—particularly in lathe tools, and it also seems to require 
greater skill in its heat treatment. 

The method of Captain Ritchie for preventing decarburization while effec- 
tive, is not a process we would care to use if it were not absolutely necessary. 
It is what one might call a bit messy, and the free use of borax in heating 
furnaces will not help to keep them clean when other products are to be handled, 
while the molten borax under the hammer is apt to spatter to the discomfort 
of the hammer crew. 

Mr. Emmons’ work is so thorough and inclusive that it will save future 
workers a great deal of time and trouble, and we are glad to have been able to 
participate in this valuable contribution to tool steel metallurgy. 

Written Discussion: By Alan Kissock, Climax Molybdenum Co., New 
York City. 

I have read this paper with much interest, and am of the opinion that Mr. 
Emmons has presented the facts about as we know them today. Aside from 
the early work that was done along these lines it is only recently that any 
attempts have been made to utilize molybdenum in this class of steel. The 
actual success which has been met in service from these rather limited re- 
searches would appear to warrant a careful study in the strong belief that from 
such an investigation an improved and worthwhile product might result. 

Written Discussion: By Dr. Michael G. Yatsevitch, Watertown Arsenal, 
Watertown, Mass. 


Mr. Garratt, in his discussion of Mr. Emmons’ paper, mentions that their 
“early work emphasized, that steels in which molybdenum entirely replaced 
tungsten were distinctly unreliable, a fact, which seems to be well known to 
those who have worked with molybdenum high speed steels”. It seems to me 
important to note, that such a strong and indefinite expression as “distinctly 
unreliable”, gives very little idea about the actual properties involved, and at 
the same time may unnecessarily frighten away possible users of molybdenum 


steels. Only the actual facts, stated as exactly as possible, can be of real help 
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in the proper solution of every engineering problem, without involving super- 
fluous and expensive speculations. 

The experiments at the Watertown Arsenal and the work of Arnold and 
Polzguter, carried out in 1922 and 1923 respectively, proved that the outstand- 
ing difference of molybdenum high speed steels as compared with tungsten 
steels lies in a somewhat greater susceptibility to oxidation at higher tempera- 
tures, greater difficulty in forging, and also in greater sensitivity in heat treat- 
ment. However, the rapid progress made in recent years in heating furnaces. 
technique of heat treatment and the mechanical working of steel, made the 
elimination of the difficulties, caused by the above properties, surprisingly easy, 
thus facilitating for molybdenum tool steels the road to the everyday market. 

Since the World War the Ordnance Department of the U. S. Army has 
been actively interested in the substitution of molybdenum for tungsten in high 
speed steels, in whole or in part, because tungsten belongs to the group of so- 
called “strategic materials.” The Department’s investigations were carried out 
at the Watertown Arsenal and were published in part in the “Army Ordnance 
Magazine” in January, 1930. The investigations proved, that tools completely 
satisfactory for present day practical purposes in high speed work could be 
made by the substitution of molybdenum for tungsten. The investigations in 
general were somewhat more comprehensive than those of Mr. Emmons, since 
they involved the development of the technological side of making the metal, 
the stock and the tools, including forging, rolling and heat treatment practice 

More than a year ago, after proving by extensive laboratory and shop in- 
vestigations at the Arsenal, the complete suitability of molybdenum as a sub- 
stitute for tungsten in tool steels, the Ordnance Department placed with one 
of the manufacturers of high speed steels an order for 14,000 pounds of 
molybdenum tool steel of specified composition: 


¢ Mn Si S x Cr V 
5-0.75 0.15-0.25 0.15-0.25 each below 0.025 .25-9. 3.25-3.75 1.15-1.3 


0.6 


made into various shapes, of sizes ranging from 3%” to 6” in diameter, o1 
other corresponding dimensions. The whole lot was distributed among 
various arsenals of the U. S. Army Ordnance Department to be made int 
various tools for use in production work under the _ condition ol 
strict following and registration of the performance obtained. The data 
accumulated from that experiment on a production scale wholly confirmed the 
expectations and hopes built on the experimental work. It appeared that the 
manufacture (particularly the rolling) of the steel and shapes did not present 
any difficulties: on the contrary, the manufacturers were very pleasantly 
surprised at the ease with which all the difficulties, anticipated and feared at 
the time of taking the contract, were eliminated, the Arsenal naturally co- 
operating with the manufacturer in all respects, passing on all information 
obtained from the previous investigation. 

In general the Watertown Arsenal tools gave service performances much 
more favorable to molybdenum tools than might have been expected from the 
results of Mr. Emmons for similar compositions. It was realized that the 
drilling tests alone do not represent a true test for tools, so the actual shop 
tests on heavy and light lathe and planer tools, milling cutters and reamers 
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DISCUSSION—HIGH SPEED STEELS 
ere selected and preferred. Similar parallel tests were made with tungsten 

ols (of 18-4-1 type) and performances were compared. It appeared that 
licht and particularly heavy planer and lathe tools stood up on an average 
well or better than the tungsten or tungsten-cobalt tools. 


as 


Steels VI and VII in Mr. Emmons’ series are the nearest to the Water- 
town Arsenal steels in composition. It is a pity that Steel VI was not tested 
for mechanical properties, and that no curves are given for Steel VII. This 
makes a close comparison of the Arsenal steel with Mr. Emmons’ steels im- 
possible. 

The Arsenal heat treatment differs somewhat from that of Mr. Emmons, 
and perhaps it may throw some light on differences in properties and structure. 
The heat treatment and photomicrographs and other more detailed information 
are given in the written discussion by Colonel Jenks. 

I personally wish to join in commending Mr. Emmons for the elegant 
piece of engineering research described in his paper. It seems to represent a 
part of one of the very few and rare investigations tending to establish quan- 
titatively the difference in the effect of molybdenum and tungsten on the high 
speed cutting properties of tool steel. Since 1913 this subject has appeared to 
me to be of particular value and interest in view of the general chemical 
and physical properties of both elements, and seem to promise some tempting 
generalizations, which could be of great practical value generally in perfecting 
and designing of “inventing” new high speed steels. The appearance of in- 
vestigations of the character like the one presented by Mr. Emmons ought to 
be much welcomed and encouraged, because they always precede an important, 
definite and general advance in some line of engineering. 

Written Discussion: By G. F. Jenks, Lt. Col., Ord. Dept., Watertown 
\rsenal, Watertown, Mass. 

The Ordnance Department of the U. S. Army has been interested in the 
substitution of molybdenum for tungsten in whole or in part because tungsten 
is a strategic metal. 

Mr. Emmons’ work confirms the Department’s experience that, through 
partial or complete substitution of molybdenum for tungsten in usual tool steel 
compositions, we need no longer face the danger of a shortage of tool steels 
even if we were cut off entirely from foreign sources of tungsten. The Depart- 
ment’s investigations were carried out at Watertown Arsenal and were published 
in part in a paper published in Army Ordnance in 1930." 

There was not much attention given to combinations of molybdenum and 
tungsten. Most of the results obtained regarded complete substitution. The 
study was carried to a point which indicated that satisfactory tools could be 
made from molybdenum steels. This investigation was somewhat more com- 
prehensive than that of Mr. Emmons since it involved development of foundry, 
forging, and rolling practice as well as heat treatment. Since Mr. Emmons 
has emphasized combinations of molybdenum and tungsten, some review of this 
work may be of interest. 

(he Watertown Arsenal tools gave service performances more favorable 


B. Ritchie, “Molybdenum in High Speed Steel,’ Army Ordnance, Vol. XI, No. 61, 


Pp. 12, 1930, 
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to the molybdenum tools than might be expected from the results of Mr 
Emmons for similar compositions. This more optimistic picture may have been 
due to the fact that, while Mr. Emmons’ results are based on drilling tests alone. 
the Watertown tools were given actual shop tests as lathe and planer tools. 







milling cutters and reamers. The tools were in service in a number of govern- 
ment shops in competition with best obtainable commercial tools and were 
tested by various commercial companies. One series of drilling tests was 
carried out by the Cleveland Twist Drill Company. These drilling tests were 
unfavorable, and were the only very unfavorable reports of performance re 
ceived. This unfavorable report in the light of the present paper may be 
due to inherent lack of quality in molybdenum tool steels. However, the steel 
furnished by the Arsenal for the drilling tests was not of quite the composition 
found to give best results in other tool forms; this fact may have contributed 
to the poor performance. Heavy planer and lathe tools stood up on the 
average as well as or better than tungsten or tungsten-cobalt tools with which 
they were compared. 

Similar tests were made for small lathe tools, milling cutters, reamers, 
etc. In all cases the molybdenum tools compared very favorably with the 
similar tungsten tools employed on the same work. 

In Mr. Emmons’ series, Steels VI and VII most closely approximate th 
Watertown composition that was found to perform best in service. Due to 
lack of material, Steel VI was not tested for mechanical properties. The 
composition of VII together with that of the Watertown steel is given below: 


c Mn Si Cr Mo V W 


Watertown ....... 0.68 0.25 0.25 3.50 9.50 1.25 none 
Kmmons VII ..... 0.66 notreported notreported 4.26 10.19 1.14 0.10 


Curves for Steel VII are not given, but it is remarked that they were sur- 
prisingly similar to those of Steel IV which are given. 

The Watertown steel was found to give better performances when quenched 
from a little below the hardening range Emmons regards as most favorable 
That is, he finds for these steels maximum secondary strength when hardening 
at around 1235 degrees Cent. (2255 degrees Fahr.) and tempering at around 
560 degrees Cent. (1040 degrees Fahr.). The Watertown steels were quenched 
from 1175 to 1200 degrees Cent. (2150-2190 degrees Fahr.) and tempered at 
from 500 to 525 degrees Cent. (930-980 degrees Fahr.). The metallographic 
structure of Steel IV is shown in Fig. 5. This probably is materially different 
from the structure that would illustrate Steel VII which might be more com 
parable to that of Fig. 9 which illustrates his Steel VIII. The structure shown 
in Fig. 5 is, however, quite similar to that obtained in the Watertown steels. 
That is, there is a fairly uniform distribution of relatively small particles of 
massive carbide scattered through the body of the polyhedral grains in a matrix 
of fine textured martensite that was found to be difficult to etch. Our Fig. | 
illustrates this carbide distribution. This represents a Watertown Arsenal 
molybdenum steel etched lightly with 2 per cent alcoholic nitric acid to develop 
grain boundaries followed by an etch in sodium: picrate to color the carbides 
The magnification of the original was X 1000. Our Fig. 2 shows another 
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Fig. 1—Photomicrograph of Molybdenum High Speed Steel. Sodium Picrate Etch 
( irbides Colored Black. x 1000. 
) ve. 2- Photomicrograph of Molybdenum High Speed Steel. Nitric Acid Etch. 
‘at ides Distributed in Fine-Textured Martensite. Note Persisting Austenitic Grain 
Boundaries. x 1000. 
. Fig. 3—-Photomicrograph of Molybdenum High Speed Steel. Same as Fig. 2 Except 
igher Magnification. Note Martensitic Nature of Grains. < 3350. 
- Fig 4 Photomicrograph of Tungsten High Speed Steel. Nitric Acid Etch. Note 
ssartensitic Nature of Background. No Strongly Pronounced Austenitic Boundaries. 
artensite Etches with Relative Ease. S 2350. 


Watertown steel that performed well in service. In this case the specimen was 
etched a normal time in 2 per cent nitric acid. Our Fig. 3 represents the same 
steel aiter a more prolonged etch. The very definite martensitic structure of 
the matrix is developed. Our Fig. 4 illustrates the structure found in a com- 
mercial tungsten steel milling cutter. It is shown to illustrate its similarity 
to the author's structure of Steel VIII as shown in his Fig. 9. The cutter did 
not periorm well in service and was considered to be overhardened. 

In the Watertown development good tools were judged from shop per- 
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formance. It was found that the character of the fracture was a very r 
guide to tool quality and was correlated with shop results. A very fine silk, 


fracture that showed ripples in the broken surface was associated with good 


tool performance. These desirable fractures were not associated with maximun 
hardness. In practice small tools were usually somewhat harder than tungste; 


SOC] 


tools of corresponding size, Rockwell C values for molybdenum tools runnin 


from 62 to 65. For large sizes the molybdenum tools were somewhat softe; 
than the corresponding ones of tungsten steel. 

Mr. Emmons’ heat treatments for maximum strength calls for quenching 
and tempering temperatures considerably higher than those found to be ben 
ficial for Watertown steels. The latter developed an incorrect fracture fo; 
quenching temperatures above values between 1150 and 1200 degrees Cent 
(2100-2190 degrees Fahr.), the exact hardening temperature depending on th 
carbon content. Even at these lower temperatures the steel could be held at 
heat only from one to three minutes. The tool quality was also quite sensitiv: 
to the tempering treatment. That is, 525 degrees Cent. (980 degrees Fahr 
was regarded as a maximum possible draw. The influence of soaking time at 
draw temperature was found to be important. Small tools are held 3 hours 
and larger ones 4 to 5 hours. 

While it is true that drilling tests are excellent for testing drills, and that 
steels that made good drills should make good cutters and lathe tools, it does 
not follow that steels that fail in drilling will necessarily fail in other tool forms 

Shop performance is the final test of a tool. The experience at Water 
town Arsenal and at commercial plants where Watertown steels were used has 
shown definitely that in heavy and light cutting service with lathe and plane 
tools, and with milling cutters and reamers, the molybdenum tools will perforn 
on the average equally as well as the better known tungsten tools available at 
the present time. 

The Department recently procured a quantity of molybdenum tool ste 
to the following specifications : 


Mn Si 
0.15-0.30 0.15-0.30 


Mo 
9.25-9.75 
S 
under 0.025 under 0.025 


This steel is now in general use at this and other arsenals, and is giving 
satisfactory service, especially in turning and planing operations, and to 4 
lesser extent in milling work. 

In forging and in heating operations where the temperature exceeds 2 
degrees Cent. (930 degrees Fahr.), it is necessary to protect the surface of th 
steel by a film of borax or by other means. Otherwise, a soft surface is 0b- 
tained. In hardening, the best results have been secured by heating in salt 
baths. Good results have been produced in other types of furnaces wi 
positive atmospheric control. 
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9 Present practice prescribes preheating at 1550 degrees Fahr., quenching 

c 2150 degrees Fahr. (1175 degrees Cent.) and drawing from 935 degrees 

°) (500 degrees Cent. ) 

e, [he tools have been found to be in general equivalent to 18 per cent 

sten tool steel. Some mechanics on rough turning gun forgings on piece 

work prefer molybdenum tools, others make no distinction. 

; Oral Discussion 

e \. H. d’ARCAMBAL > This splendid paper will undoubtedly result in 

further investigations on molybdenum and molybdenum-tungsten high speed 

r steels, finally resulting, possibly, in their somewhat greater application to the 

. metal cutting tool industry. There are, however, some shortcomings in regard 
to the use of molybdenum or molybdenum-tungsten high speed steels for cut- 
ting tools, 

In the first place, these steels are subject to the soft skin that we find 
on all molybdenum and cobalt high speed steels when hardened by the usual 
so-called open fire method. However, should these steels be hardened by 
. eating in a salt bath a hard skin should be obtained. 

q Another objection to the types of steels covered by Mr. Emmons is the 
‘ somewhat closer hardening range that must be maintained in order to get away 
= irom brittleness due to overheating. In other words, I believe they compare 
= to the 14-4-1 type, not only in regard to the properties brought out by Mr. 
Emmons, but also in regard to the necessity of maintaining a closer hardening 
= range. This, however, does not mean that these molybdenum-tungsten steels 


will not find general use by the trade, because practically all metal cutting tool 
manufacturers today employ high speed steel furnaces that are automatically 
controlled for temperature, resulting in maintaining the desired temperature 


within a few degrees. 


Author’s Closure 


lhe author wishes to thank the several gentlemen who have so ably con- 
tributed to the discussion of this paper. 

Che work of the Watertown Arsenal as reported by Colonel Jenks and Dr. 
Yatsevitch is particularly interesting. A great deal of credit is due to the re- 
searches of the Arsenal under General T. C. Dickson and Captain Ritchie, 
and more recently continued by Colonel Jenks and Dr. Yatsevitch. This work 
represents the highest known development of the tungsten-free molybdenum 
high speed steels. It is believed that the molybdenum high speed steels re- 
ported in the paper containing about one-fourth as much tungsten as molyb- 
enum are a definite improvement over this type. Further experiments will 
be necessary to determine to what extent the drilling tests can be used to 
predict the performance of lathe, planer and other tools. The variation between 
the results obtained by the Watertown Arsenal and ourselves for the most 
satisfactory hardening and tempering temperatures in the tungsten-free steels 


co: ae . . : ose . ° 
s believed to be readily explained by the considerable variation in the time 


sulting metallurgist, Pratt and Whitney Co., 


Hartford, Conn. 
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viarel 


the steel was exposed to the desired temperature. For instance the Arsena| 
used for hardening, a temperature of 2100 to 2190 degrees Fahr. with a soak. 
ing time of from one to three minutes. The maximum secondary strength oj 
our Steel VII was similarly developed at two hardening temperatures a; 
follows : 

2235 degrees Fahr. held at the temperature for thirty seconds. 

2200 degrees Fahr. held at the temperature for ninety seconds 

It has also been noted that the tungsten-bearing steels will stand slightly 
higher hardening temperatures than the tungsten-free steels such as have been 
tried at the Arsenal. 

The interesting light upon the past history of molybdenum high speed 
steels supplied by Dr. Mathews is greatly appreciated. In regard to the pos- 
sible effect of the high chromium content upon the performance of Steel XIII. 
it is believed that the higher carbon content has had a more important influence 
than the high chromium. 

The discussion by Mr. Garratt presenting the results of independent work 
upon tungsten-bearing molybdenum high speed steels is particularly valuable 
Such confirmation of our results from an independent source is regarded as 
being of great importance, especially so as Mr. Garratt’s work bears all the 
earmarks of a carefully planned and executed research program. Mr. Garratt’s 
observations in regard to the most desirable carbon content for this type of 
steel are confirmed by our results. As was noted in the paper, the molybdenum 
high speed steels require a higher carbon content in order to produce a normal 
amount of carbides in the microstructure and the maximum cutting quality. 
This increase in the amount of carbon required seems to be about 0.10 per cent 
more than is usually employed in 18-4-1 steels. 

The comments of Mr. d’Arcambal in regard to the practical methods of 
heat treatment are pertinent. It has been our experience that it is also neces- 
sary to protect the 18-4-1 type of high speed steel against oxidation while it 
is at high temperatures in order to prevent the formation of a soft skin or 
bark. The same methods of protection which were developed for the 18-4-] 
type have been found satisfactory for the molybdenum-tungsten type. No diff- 
culty has been experienced with over-heating the molybdenum-tungsten type oi 
steels after the most desirable range of hardening temperatures was determined 

Mr. Kissock’s interest in the paper is greatly appreciated. 
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THE HARDENING TRANSFORMATION IN MANGANESE 





STEELS 


By H. Scott anp J. G. Hoop 


Abstract 


The hardening transformation, Ar”, though it oc- 
curs at a comparatively low temperature, is shown to be a 
vital factor in the quenching of steel. The temperature at 
which it starts was evaluated in steels containing from 
4.5 to 12.0 per cent manganese and from 0.2 to 1.0 per 
cent carbon under conditions which assured all the carbon 
being brought into and retained in solid solution. 

With the data available, an equivalence relation be- 
tween manganese and carbon with respect to their effects 
on the temperature of Ar” was established. Carbon in 
solid solution was shown to have twelve times the effect of 
manganese within certain composition limits. 

The temperature of Ar” in tron-carbon alloys was 
estimated by extrapolation from the general relation es- 
tablished for high manganese steels. Our results agree 
with the best published data when Ar” starts near 250 de- 
grees Cent. and are probably quite close to the actual loca- 
tion of the hardening transformation in iron-carbon al- 
loys cooled from above the critical range at rates above the 
critical cooling rate. 


INTRODUCTION 


«" steel hardened by a quench which produces martensite 
undergoes the hardening transformation, Ar”, at a tempera- 
ture considerably below that of Ar,. The conditions which exist 
during this transformation determine in a large measure the suc- 
cess of the treatment. Thus it has been shown! that an oil-hardening 
steel of simple shape will crack or not depending on the cooling 
rate through Ar”, that is, below 400 degrees Cent. (750 degrees 
Fahr.). 

An explanation for the critical importance of the cooling rate 


H. Scott, “Origin of Quenching Cracks,” Bureau of Standards Scientific Paper No. 


A paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. The authors are associated with the Re- 
search Laboratories of the Westinghouse Electric and Manufacturing Co., East 
Pittsburgh, Pa. The senior author is a member of the society. Manuscript re- 
ceived June 22, 1932, 
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during Ar” can be derived from Fig. 1. This illustration shoy 
the expansion that occurs when a 1.0 per cent carbon, 4.5 per 
manganese steel which is entirely austenitic at room tempera 
is cooled in liquid air. It illustrates what normally occurs 


ADOVE 


10% C, 45% MN STEEL 
QUENCHED IN WATER FROM 900°C 


HARDNESS 


HARDENING 
TRANSFORMATION 


EXPANSION 


216 VICKERS 


NE start OF 


“ Ar" 
-200 -150 -100 -50 ° +50 
TEMPERATURE -DEG CENT 


Fig. 1—Dilatation and Hardness Change 
During Cooling of an Austenitic Steel in 
Liquid Air. 


a 


wy 


nr BARN 
NV ) % 4% 
rs t. be BRS: 


we 
Ss 
3 
? 
é 
< 
a 
< 


Shy . 
s 


S Fi gat AS 
ey ae Pe WS : 
IS. 


+ 


: sy 
AY, 
nt 
4 + 


> 


I~u 


4 
. 
“e t} 


seh Meal 
x ; “ 


ne 
oat 


aed 


» 
* 
‘sa 


Ve 
® 
hh 


ree ATS 
PBS 
¢ 
e Oa» 
a» 


‘k 
’ 
eT es 





Fig. 2—Microstructure of a 1.0 Per Cent Carbon, 4.5 Per Cent Manganese Ste 


Quenched From 900 Degrees Cent. (A) As-quenched and (B) After Cooling in Liqu 
Air. «x 500. 


room temperature and is fully comparable with the phenomena ac- 
companying the hardening of conventional steels. The steel 1 
question increases in volume by more than 2 per cent and its hard: 
ness increases from 216 to 530 with the change in microstructur 
shown in Fig. 2. 


The generation of residual stresses having magnitudes sufficien! 
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to crack conventional steels can be explained simply, but not rigor- 


1 
OUSLY, 


as follows: During quenching the hardening transformation 
occurs at a temperature where the rate of cooling is still so high that 
4 considerable temperature gradient exists in the steel. Consequently 
the surface hardens before the core transforms. As the core trans- 
forms, it increases in volume pressing outward on the surface layers 
which consequently are placed under tensional stress. Hardened and 
untempered tool steel is prone to crack under extreme tensional 
stresses which develop in outer fibers as the result of quenching. 
Stress of the same magnitude would be of little concern if compres- 
sional. 

Both the magnitude and the direction of the residual stresses 
are determined by the cooling rate during the hardening transfor- 
mation. Hence the cooling rate in the temperature range of the 
hardening transformation is a vital factor in the quenching of steel. 

Further testimony as to the importance of this transformation 
is furnished by the continuous succession of papers on the subject 
starting with Le Chatelier’s in 1904, see footnote references (2) to 
(11). 


when plain carbon steels were cooled rapidly enough to produce com- 


Le Chatelier found that the Ar, transformation did not occur 


martensitization. He recognized that some transformation 
1917 both 


Dejean* and Chevenard’? working with alloy steels established the 


plete 


must have occurred, but was unable to locate it. In 
existence of a transformation associated with martensite formation 
Chevenard® and Portevin and 


It is 


at a much lower temperature than Ar,. 
Garvin located the same phenomena in tarbon steels in 1919. 
with this transformation that the present paper is concerned. 

Chevenard introduced the symbol Ar” for the hardening trans- 
We 


know that the product of Ar’ is pearlite or an analogous constituent 


formation and Ar’ for the high temperature transformation. 


*H. Le Chatelier, ““Etudes Sur La Trempe Des Aciers,’’ Revue de Metallurgie, Vol. 1, 
1904, p. 473. 









C. Benedicks, “Experimental Researches on the Cooling Power of Liquids,’ Journal, 


Iron and Steel Institute, Vol. 78, 1908, p. 153. 


*‘M. P. Dejean, ‘“‘Les Points Critiques de Refroidissement 


: des Aciers Auto-Trempants,”’ 
Kevue de Metallurgie, Vol. 14, 1917, p. 641. 










P. Chevenard, “‘Dilatometer Differential Enregistreur,’’ Revue de Metallurgie, Vol. 14, 


1917, p. 610. 


_*P. Chevenard, ‘‘Mecanisms de la Trempe des Aciers au Carbone, Revue de Metallurgie, 
Vol. 16. 1919, p. 17. 
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throughout the whole range of rates over which it occurs so Ar’ and 
Ar, may properly be considered as basically the same transforma- 
tion. Increasing the cooling rate lowers the temperature of Ar. 
somewhat but chiefly causes this transformation to diminish in in- 














tensity and finally to disappear entirely when the “critical cooling 
rate” is reached. At this and higher cooling rates the steel is com- 
pletely hardened, that is, the end product is martensite and Ar” js 
the only transformation involved. Ar” is of course the Ar, trans- 
formation of carbon-free iron alloys being continuous with Ar, as 





carbon is added. This special symbol for Ar, in alloys containing 
carbon in excess of the minimum solid solubility limit is justified 
by the fact that its temperature is a function of the amount of car 
bon in solid solution. Ar” should therefore be taken to imply con- 
ditions of supersaturation with respect to carbon. 

The hardening transformation is most amenable to experi 
mental study in alloy steels because many of the common alloying 
elements lower the critical cooling rate greatly. It may seem pref- 
erable to begin the study of alloy steels with consideration of plain 
carbon steels. That is not the case, however, for little of the data 
now available on Ar” in plain carbon steels can be accepted as ac- 
curate. The inherent experimental difficulties of observing trans- 
formations at extremely rapid cooling rates present an exceptionally 
severe obstacle to the collection of reliable data. It is therefore ad- 
vantageous to work from the high alloy content field where precise 
information can be obtained towards the low alloy content field as an 
ultimate goal. 












Of the alloying elements worthy of study, manganese is out- 


‘A. M. Portevin and M. Garvin, ‘‘Experimental Investigation of the Influence of the 
Rate of Cooling on the Hardening of Carbon Steels,’’ Journal, Iron and Steel Institute, 
Vol. 99, 1919, p. 469. 





SK. Honda, “On the Nature of the Ai Transformation and a Theory of Quenching, 
Journal, Iron and Steel Institute, Vol. 100, 1919, p. 417. 






°H. Hanemann and A. Schrader, ‘fOn Martensite,’’ Transactions, American Society 
for Steel Treating, Vol. 9, 1926, p. 169. 










°F, Wever and N. Engel, ‘Ueber den Einfluss der Abkihlunggeschwindigkeit aut 
die Temperatur der Umwandlungen, das Gefiige und den Feinbau der Ejisen-Kohlenstoti 
Legierungen,” Mitteilungen aus dem Kaiser Wilhelm Institut fiir Eisenforschung, Vol 
12, 1930, p. 93. 


MH. Esser and W. Eilender, “Ueber die Stahlhartung,” Archiv. fur das Eisenhutten 
wesen, Vol. 4, 1930, p. 113. 





2%E, S. Davenport and E. C. Bain, “Transformation of Austenite at Constant Su: 
critical Temperatures,’ Transactions, American Institute of Mining and Metallurgical 
Engineers, Iron and Steel Division, 1930, p. 117. 
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<4 by melting 18-pound charges in magnesia crucibles in an induction 
Bs furnace, casting in 2-inch square molds and forging to 3¢ inch diam- 
ba eter rods. Dilatation was selected as a criterion of transformation 
3 for it can be most conveniently measured and is exceptionally sensi 
: tive to phase change. Specimens 4% inch in diameter and 2 or 4 
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standing because of its wide use in steel. A series of manganese 
steels containing from 4.5 to 12.5 per cent manganese and 0.2 to 1.0 


per cent carbon were available for study. They had been prepared 





inches long were used. The differential linear expansion with re- 







spect to fused silica was observed as previously described.'* 


EFFECTS OF CooLING RATE 

















The most sharply defined and significant characteristic of the 


hardening transformation is the temperature at which it starts. Ac 
cordingly one objective of this work was to evaluate its starting tem- 
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Fig. 3—Expansion Curves of 1.0 Per Cent Carbon, 4.5 Per 
Cent Manganese Steel Taken During Cooling from 900 to 25 
Degrees Cent. at Different Rates. 





erature as a function of manganese and carbon content. In order 
dS 


to do that unambiguously, two conditions must be met. They are: 
(1) the initial temperature before the determination must be such 
that the gamma phase alone exists and (2) the cooling rate from 
that temperature must be such as to retain the single phase condition 
until the start of the transformation. If these conditions are not met, 
some of the carbon may not be in solid solution at the start of Ar” 


and hence that transformation will be higher than otherwise by an 









See foot note on page 7. 
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indeterminate amount for only carbon in solid solution contributes 
to the lowering of Ar”. 

To obtain the homogeneous solid solution is simply a matter of 
temperature. Retention of the solid solution by fast cooling, how 
ever, requires some attention because slow cooling is favorable to 
accuracy of observation. Using a 4.5 per cent manganese and 1.0 


per cent carbon steel, a minimum rate was found for it which was 


suitable for the other alloys because, being higher in manganese, the, 


Fig. 4—Microstructure of 1.0 Per Cent Carbon, 4.5 Per Cent Manganese Steel After 
Cooling from 900 Degrees Cent. at Different Rates. Cooling Rate at 600 Degrees Cent.: 
(A) 200 Degrees Cent. Per Minute, (B) 22 Degrees Cent. Per Minute, (C) 10 Degrees 
Cent. Per Minute. x 500. 


have a lower critical cooling rate. When that alloy was cooled in 
air while mounted in the silica tube of the dilatometer, the mean 
rate of cooling over the temperature range 700 to 500 degrees Cent. 
(1290-930 degrees Fahr.) was 199 degrees Cent. (358 degrees Fahr. ) 
per minute. From the work of Davenport and Bain’ this is the 
region of maximum reaction rate and consequently that where the 
cooling rate is most important. Above or below that temperature 
range considerably slower cooling rates would be required to cause 
precipitation of carbide, the factor most likely to give discordant 
results. 
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The expansion curve during cooling from 900 to 25 degrees 
Cent., Fig. 3, showed no recognizable discontinuity corresponding 
to Ar,. Nevertheless a few fine-grained dark areas in the austenite 
matrix, Fig. 4A, indicate that Ar, had occurred, but that a very 
small volume was involved. The cooling rate of 200 degrees Cent. 
(360 degrees Fahr.) per minute is therefore close to the critical 
value. Moreover it is sufficiently slow to permit making reliable 
expansion-temperature observations during Ar” at which time the 
cooling rate is considerably slower. All the carbon was retained in 
solution also since the starting temperature of Ar” is practically 
identical with that following water quenching, compare Fig. 1 and 
Fig 6. Accordingly air cooling was adopted for specimens in which 
Ar” occurred above room temperature ; otherwise the specimens were 
quenched in water. The cooling rate during Ar”, of course, varied 
with its temperature. Its effect however is inappreciable because Ar” 
starts in all the alloys at temperatures where the rate of carbide 
precipitation from an austenite matrix is extremely slow. In the 
absence of carbide precipitation, Ar, and hence Ar” is independent 
of cooling rate.** ** 

Cooling at rates slower than the critical value brought out some 
points of incidental interest. The expansion curves taken at such 
rates, 22 and 11 degrees Cent. per minute of Fig. 3, show a small 
discontinuity in the region of 600 degrees Cent. (1110 degrees 
Fahr.). Coincidentally there is a considerable quantity (over 50 per 
cent for the slowest rate) of a dark constituent in the microstructure, 
Fig. 4B and 4C, which appears to be nodular troostite. The anomaly 
at 600 degrees Cent. (1110 degrees Fahr.) must therefore be ident 


fied as Ar,. The fact that so little net expansion occurs may be 


attributed to the opposing effects of carbide precipitation and for 
mation of alpha iron. In fact the change starts with a contrac- 
tion evidently due to separation of carbide which forms a network 
associated with the dark areas of Fig. 4B and 4C. The subsequent 
expansion accompanies formation of the dark areas. 


'*H. Scott, “Transformational Characteristics of Iron-Manganese Alloys,’’ Transactions, 
American Institute of Mining and Metallurgical Engineers, Iron and Steel Division, 1931, 


“MF, M. Walters, Jr. and M. Gensamer, “‘A Dilatometric Study of Iron-Manganese 
ary Alloys,” Transactions, American Society for Steel Treating, Vol. 19, 1932, p. 608. 


, 
Bir 


H. Scott, “Dimensional Changes Accompanying the Phenomena of Tempering and 
ng lool Steels,’ Transactions, American Society for Steel Treating, Vol. 9, 1926, 
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Fig. 5—Microstructure of 1.0 Per Cent Carbon, 4.5 Per Cent Man- 
ganese Steel Cooled from 900 Degrees Cent. at 10 Degrees Cent. Per 
Minute. (A) Pearlite in an Austenite Matrix; (B) Incipient Mar- 
tensite Formation Around the Edges of a Large Austenite Grain. 
x 2000. 


Lucas*® and Davenport and Bain’’ have succeeded in resolving 
the structure of the constituent which forms at Ar, when martensite 
is also an end product and have shown that it is essentially pearlite. 
Further evidence to that effect is furnished by Fig. 5A. Evidently 
this constituent should be identified as pearlite rather than troostite 
because the inference may arise that its mechanical properties are 


%F, F. Lucas, “Structure and Nature of Troostite,”’ Bell System Technical Journal 
Vol. 9, 1930, p. 101. 
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equal to those of tempered martensite, and that is certainly con- 
trary to fact. 

A very pronounced diminution in the slope of the expansion 
curves below 200 degrees Cent. (390 degrees Fahr.) is noticed as 
the cooling rate decreases. This indicates that in certain areas Ar” 
starts between 200 degrees Cent. (390 degrees Fahr.) and zero. 
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ry Fig. 6—Hardening Transformation in Fig. 7 — Hardening Transformation 
Mf, 1.0 Per Cent Carbon, 4.5 Per Cent Man- During Cooling from 900 Degrees Cent. 
ganese Alloy After Cooling from 900 in Air, 9 and 12 Per Cent Manganese 


Degrees Cent. at Different Rates. Steels. 


















Nevertheless much austenite remains untransformed at room tem- 
perature since the major transformation still starts sharply and at 
the same temperature on cooling in liquid air, Fig. 6, and its mag- 





oe nitude is commensurate with the proportion of white area in Fig. 
n. +. In conformity with this observation we find that large grains of 


austenite as cooled at 11 degrees Cent. per minute to room temper- 


resolving ature show evidence of partial transformation in the vicinity of the 


martensite dark constituent, Fig. 5B. This appears to be the result of carbide 
y pearlite. separation at the grain boundaries and consequent impoverishment 
Evidently of the adjacent matrix. 


1 troostite 


iitae ere CoMPOSITION RELATIONS 






Given the two composition variables, manganese and carbon, the 
statement of their effects on Ar” could be greatly simplified by the 


nical Journal, 
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Table | 


Temperature of Ar” in Fe-Mn-C Alloys Cooled so as to Retain all Carbon in Solig 
Solution 


Composition %Mn-+ Start of Max. Cooling Cooling 

Alloy % Mn %C Si 12(%C) Ar” Temp. Medium Rate 
Cooling Rate Variable 

2616 12.37 0.34 0.12 16.5 +5°C. 900°C. Water 


2616 12.37 0.34 0.12 16.5 1 900°C. Air 


2770 .50 0.99 0.16 16.4 900°C. Air 

2770 .50 0.99 0.16 16.4 900°C. Furnace 

2770 50 0.99 0.16 16.4 7 900°C. Furnace 
Mn, C Variable 

2615 .49 0.21 0.12 15. B35"... 900°C. Air 

2616 37 0.34 0.12 ; +5 900°C. Water 

2617 .16 0.53 0.10 18.5 - 906°C. 


Mn, C Variable 
.84 0.51 0.10 : 900°C. 
6.78 0.43 0.12 : 900°C. 
3.68 0.33 a a 900°C. 
7.38 0.70 0.04 5.8 800°C. 
4.50 0.99 0.16 # 900°C. 


establishment of an equivalence between manganese and carbon 
Such a relation between nickel, manganese and carbon with respect 
to Ar, has alrady been demonstrated for a limited range of compo 
sitions.’* The carbon content of those alloys, however, was low and 
probably less than the minimum solid solubility limit so the equi. 
valence ratio cannot be expected to hold at high carbon contents. It 
is therefore desirable to investigate the possibility of a similar rela 
tion in high carbon manganese steels. 

The temperatures at which Ar” starts were taken from th« 
curves already given and from Figs. 7, 8, 9 and 10 and are given 
in Table I together with compositions. Values for Ar, in low carbon 
iron-manganese alloys taken from recent publications.’* ** have also 
been used to provide data on low carbon contents. 

An equivalence ratio is readily found if a pair of steels having 
the same Ar” but different carbon contents are available. Three 
such pairs are available in the case of alloys No. 2613, No. 2616 and 
No. 2770, all of which show Ar” starting between O and 5 degrees 
Cent. The equivalence ratio for any pair is the difference in man- 


ganese contents divided by the difference in carbon contents. [or 
the three possible combinations of the alloys mentioned in pairs, the 


mean of this ratio is 11.9. That is to say, carbon has nearly twelve 
times the effect of manganese in lowering Ar” when this transfor- 
mation starts close to O degrees Cent. 

No such fortunate combination of compositions was available 
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irs, the lor other Ar” temperatures. One may still interpolate, however, 
twelve with the curve for low carbon alloys at higher temperatures to find 
anstor- a low carbon alloy having the same Ar” as a high carbon alloy. AI- 


loys No. 1672, No. 2772 and No. 2773 so compared with low carbon 
vailable alloys gave a mean value of the equivalence ratio of 12.3 for tem- 
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peratures of Ar” between 100 and 150 degrees Cent. According 
the value of 12 is taken as the round number best representing 
equivalence of carbon to manganese when Ar” starts between 0 and 
150 degrees Cent. 


The advantage of using this ratio may now be shown by plotting 


the temperature of Ar” against the equivalent manganese content. 
that is, the manganese content plus 12 times the carbon content, as 
in Fig. 11. So plotted, the values for all the alloys line up very well 
on a smooth curve in spite of the fact that the range of carbon con- 
tent extends from 0.02 to 1.0 per cent. Hence to find the start of 
Ar” in a carbon-manganese steel of known composition with all the 
carbon in solid solution one need only calculate the equivalent man 
ganese content and resort to the curve. 

The curve of Fig. 11 is certainly applicable for a wider range o{ 
Ar” temperatures than that used for determination of the equivalence 
ratio. Nevertheless there are certain precautions which must be ob 
served in its use. For one thing the curve below 200 degrees Cent. 
(390 degrees Fahr.) is not accurate for carbon contents less than 
0.2 per cent. A new phase, epsilon, appears in the range of compo- 
sitions involved (high manganese content) to complicate matters. 
Above 200 degrees Cent. (390 degrees Fahr.) there is no restriction 
on the minimum carbon content, but no information is available on 
the upper limiting carbon content. It is highly probable, however, 
that the range of carbon contents for which the curve holds at the 
lower temperatures applies also at considerably higher temperatures. 
In fact some values on low manganese content steels presented in the 
next section conform very well with this relation. There remains, 
however, need for further work in the range 200 to 500 degrees 
Cent. (390 to 930 degrees Fahr.) within which fall many of the steels 
commonly subjected to hardening. 

One application of the equivalence relation is to the determina- 
tion of the limiting contents of manganese and carbon required to 
retain 100 per cent austenite at a particular temperature when prop- 
erly cooled. For room temperature one may take from Fig. 11 the 
relation : 


Yo Mn + 12 (% C) = 16.0 
This equation signifies that when restricted to carbon contents over 


0.2 per cent, the equivalent manganese content must exceed 16 per 
cent in order to retain gamma iron at room temperature. In other 
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words it defines a boundary line on the ternary diagram for con- 
stitution at room temperature. Another application for the equiv- 
alence relation is to estimate the location of Ar” in low manganese 
steels, which matter is the subject of the following section. 


Low MANGANESE STEELS 


The experimental determination of Ar” in low alloy content 
steels presents unusual difficulties because of the extremely high cool- 
ing rates required to produce martensite. Most of the experimental 


work in this field has been confined to determination of time-tem- 
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Fig. 12—Start of Hardening Transfor- 
mation Plotted Against Equivalent Carbon 
Content (solid line). The Individual Obser- 


vations Represent Carbon Steels Containing 

Less than 1.0 Per Cent Manganese. 
perature curves at the center of conveniently sized cylinders during 
quenching in water. The temperature gradients thus produced were 
so high as to preclude the possibility of accurately locating the start 
of Ar”. Chevenard, however, ingeniously eliminated the difficulty 
of temperature gradients by cooling fine wire specimens in non- 
oxidizing gases. The transformation was clearly revealed by the 
dilatation of the wire so that the time at which the transformation 
started could be accurately determined. Unfortunately the corre- 
sponding temperature was not accurately determined. It was meas- 
ured by the contraction of a comparison wire presumed to cool at the 
same rate as the specimen. 
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Recently the same method of cooling has been used by We 
and Engel'® and the temperature measured by welding fine thern 
couple wires to the specimen and observing their electromotive fo: 
with an oscillograph. The transformation was recognized by the i: 
flection on a time-cooling rate curve obtained by connecting a second 
thermocouple with the oscillograph through a transformer. They 
collected considerable data which deserves attention here. Davenport 
and Bain'? have also determined Ar” in a simple and effective 
though indirect manner. Thin strips heated for quenching as held 
in a dilatometer were plunged into a salt bath maintained at a pri 
determined temperature. The dilatation-time curves obtained at sey- 
eral temperatures permitted construction of curves showing degree 
of completion of the transformations as a function of temperature 
and time. From these curves the temperatures at which Ar” starts in 
their several steels were taken for use here. 

The equivalence relation of Fig. 11 permits estimation of the 
location of Ar” in iron-carbon alloys simply by extrapolation to zero 
manganese content. As it 1s more convenient now to consider car 
bon as the major element, the curve of Fig. 11 is replotted in Fig. 12 
against equivalent carbon content. Being obtained by extrapolation, 
this curve lacks the certainty of the former and for this reason com 
parison with the direct determinations cited is desirable. 

The observations of the authors mentioned are plotted in Fig. 12 
to the scale of the extrapolated curve. It is at once evident that their 
values are in fair agreement for alloys giving Ar” temperatures near 
250 degrees Cent. (480 degrees Fahr.), but much higher than the 
curve at carbon contents above the eutectoid composition. This 
discrepancy is obviously due to incomplete solution of carbon and is 
verified by an observation made on a 1.37 per cent carbon steel.’ 
That steel was completely austenitic at room temperature as quenched 
in water from 1100 degrees Cent. (2010 degrees Fahr.) so a point 
is plotted for it to represent Ar” starting below 25 degrees Cent. 
As this point is very much closer to the extrapolated curve than the 
others, the former curve assuredly represents the temperature of Ar’ 
in hypereutectoid steels when all the carbon is in solid solution much 
better than do the plotted observations. 

At carbon contents below the eutectoid, the data of Bain and 
Davenport agree substantially with the extrapolated curve, but un- 
fortunately do not extend to carbon contents low enough to permit 


a satisfactory comparison. The values of Wever and Engel extend 
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sufficiently low carbon contents, but they then fall below the curve 
s; do the comparable observations of Davenport and Bain. It is 


quite probable, however, that their low carbon points are on the low 


side of the exact relation because of the more rapid cooling neces 
ary to the development of Ar” when it occurs at these higher tem 
peratures. Temperature gradients between thermocouple and speci 
men, the chief source of error in their test method, would then tend 
to give low values for Ar” and would be greater the faster the cooling. 
Knowing also that Ar, falls above 900 degrees Cent. (1650 degrees 
ahr.) in pure iron one would expect that with diminishing carbon 
content Ar” would approach zero carbon content more smoothly than 
is required by the plotted points of Wever and Engel’s observations. 

So far attention has been called chiefly to the discrepancies be 
tween the three independent determinations of Ar” in carbon steels. 
Che fact remains, however, that all three determinations are in good 
agreement on the start of Ar” when it falls in the neighborhood of 
250 degrees Cent. (480 degrees Fahr.). It also seems quite certain 
that the curve of Fig. 12 below that temperature is close to the facts 
when the carbon has been completely dissolved. The uncertainties 
lie chiefly on the region below 0.60 per cent equivalent carbon con- 
tent and further work 1s required in that field. It appears that the 
experimental methods of Bain and Davenport appropriately modi- 
fied and that of the authors offer a better means for satisfactorily) 
determining the location of the hardening transformation in carbon 
steels than any heretofore proposed. 


SUMMARY AND CONCLUSIONS 


The hardening transformation, Ar”, at which martensite forms, 
starts at a comparatively low temperature in commonly used high 
tensile strength steels. The cooling rate during its progress never- 
theless determines the magnitude and direction of residual stresses 
which are the primary cause of cracking. Despite the practical 1m- 
portance of Ar”, its most sharply defined characteristic, temperature 
of start, is known with certainty for very few steels. The extremely 
high cooling rates required to produce martensite in carbon steels 
present a serious obstacle to accurate evaluation of that characteristic. 
\dvantage was taken of the slower cooling rates which are permis 
sible in manganese steels to obtain reliable values of the incidence 
temperature of Ar” in them as an advantageous approach to its 
evaluation in conventional steels. 
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Upon cooling a 1.0 per cent carbon, 4.5 per cent manganese stee! 
at various rates from above the solvus, it was found that the critica] 
cooling rate of this steel is close to 200 degrees Cent. (360 degrees 
Kahr.) per minute. That or faster cooling rates retained all the 
carbide in solid solution and repressed Ar,. An entirely austenitic 
microstructure was then obtained at room temperature which trans- 
formed to martensite on cooling in liquid air, Ar” starting at | 
degrees Cent. Cooling this steel at slower rates produced the con- 
stituent forming at Ar, and often identified as nodular troostite but 
which has a well developed pearlitic structure as noted by Lucas, 
Davenport and Bain. The designation troostite is improper as it im- 
plies properties of tempered martensite not attainable in pearlite. 
From the data here obtained and otherwise available it was 


shown that carbon in solid solution is twelve times as effective as 
manganese in lowering Ar”. Taking advantage of this relation, the 
temperature of Ar” was plotted against the equivalent manganese 
content, that is, the manganese content plus twelve times the carbon 
content. All the points fell close to a smooth curve although the 
carbon contents ranged from 0.02 to 1.0 per cent. This curve shows 
that at room temperature manganese-carbon steels are completel; 
austenitic when the equivalent manganese content is 16 per cent pro- 
vided that the carbon content is between 0.2 and 1.0 per cent and is 
in solid solution. Under similar limitations the temperature of Ar” 
in a manganese steel can be estimated from its carbon and manganese 
contents when Ar” starts between —50 and 300 degrees Cent. 
Kxtrapolating from the data on manganese steels, the curve for 
Ar” versus carbon content of manganese-free steels was obtained. 
This curve agrees with the best published data on carbon steels when 
Ar” starts in the neighborhood of 250 degrees Cent. (480 degrees 
Fahr.). At lower temperatures the older observations are high pre- 
sumably due to incomplete solution of the carbon. In spite of dis- 
crepancy with one observer at higher temperatures it is believed that 
the derived Ar”-equivalent carbon curve here proposed for carbon 
steels is close to the truth. 
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DISCUSSION 


Written Discussion: By E. C. Bain and E. S. Davenport, U. S. Steel 
Corporation Research Laboratories, Kearny, N. J. 

At the outset of this paper the authors set forth an extremely clear con- 
ception of the nature of the transformation of austenite and it is particularly 
pleasant to read such a lucid discussion of the distinction between the reaction 
in the Ar’ region to pearlite and the reaction at lower temperatures in the Ar” 
to martensite. 

We are inclined to feel less certain than the authors that there is a single 
temperature for any steel which may properly bear the designation of an Ar” 
point. It is our impression that if one quenches a small piece of steel to a 
temperature safely below that at which any fine pearlite can form, avoiding 
thereby the possibility of any Ar’ reaction, further cooling can only result in 
a reaction properly designated as Ar”. Now the precise temperature at which 
transformation then begins in a steel so treated is entirely a function of the 
final cooling rate and the transformation may begin at any temperature over a 
fairly wide range. The product of the transformation, brought about in the 
manner just described, is certainly not the nodular fine-pearlite constituent 
found associated with martensite in a steel quenched in the conventional man- 
ner but at a rate less than the critical quenching speed, nor is it pure martensite 
unless the transformation is forced down to a temperature below about 100 
degrees Cent. (212 degrees Fahr.). Notwithstanding, these products form a 
completely continuous series with no abrupt change in any characteristics which 
would warrant the assignment of a single definite critical point. This continuity 
is particularly marked in steels containing less than about 0.50 per cent carbon 
and comparatively small proportions of alloying elements. Nevertheless, the 
authors make out a very strong case for considering Ar” to be that temperature 
range wherein austenite transforms only in a matter of hours at the upper 
limit and in a matter of seconds at the lower limit. It is our belief that the 
temperature found experimentally for Ar” will vary over this range depending 
upon the rate of cooling in the approximate range 450 to 150 degrees Cent. 
(842 to 302 degrees Fahr.). 

In the chart of the authors’ Fig. 12 it will be seen that the points of Wever 
and Engel are not greatly different from the points which Messrs. Scott and 
Hoop have estimated from our own transformation rate studies, but that these 
points differ considerably from the curve drawn in conformance with the man- 
ganese-carbon equivalence. The authors account for this discrepancy, in part, 
by an assumption that the carbide was not wholly dissolved in the studies of the 
investigators cited. As far as our own studies are concerned, we may say with 
assurance that the specimens were all examined microscopically to make certain 
that no carbide remained undissolved, and in addition there was at least fair 
evidence that the austenite was homogeneous. We are persuaded that this 
explanation of the discrepancy is not entirely valid. 

In connection with the authors’ reference to the mechanical properties 
of tempered martensite, we should like to call attention to the dissimilarity in 
properties between a martensite tempered in the conventional manner after 
quenching to room temperature and the product of the decomposition of austen- 
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ite which transformed well below Ar’ but above the Ar” temperature as = 
ignated by Messrs. Scott and Hoop. Even though these two materials possess x 
precisely the same Rockwell hardness, their microstructure and dynamic pro p 
erties may be quite different. It has seemed to us that the time is not far of a 
when metallurgists will find it convenient, if not absolutely necessary, to ae c 


more precisely on the names of these structures intermediate in properties 
between martensite and fine-pearlite. 
Written Discussion: By John F. Eckel, research fellow, Carnegie In 







stitute of Technology, Pittsburgh. 
| have greatly enjoyed reading this paper and I wish to congratulate th. 


authors. There is, however, one point which I believe should be more fully 
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Fig 1—Curves Showing the Length 
Changes Occurring During Soaks of Homo 
genized Specimens of the Hypereutectoid 
Alloys All Curves for Soaks at 500 De 
grees Cent. 









emphasized at the present time and that is the possible influence which the 
carbon content, and consequently carbides, may exert upon the formation of 
pearlitic or troostitic structures, or, as the authors choose to put it, the Ar: 
transformation. As the authors say, “It may seem preferable to begin the 










study of alloy steels with consideration of plain carbon steels. That is not 
the case, however, for little of the data now available on Ar” in plain carbon 
steels can be accepted as accurate.” Likewise, a still higher manganese con 
tent may serve to throw more light on the effect of carbide precipitation which 
they refer to as “the factor most likely to give discordant results.” 

In working with iron-manganese-carbon alloys containing 10 per cent 
manganese, I have found that the Ar: transformation could not be induced to 
occur in the hypoeutectoid alloys without severe working of the gamma phase 
in the temperature range just below the upper stable limit of the alpha phase. 
In the hypereutectoid alloys, on the other hand, the Ar: transformation occurs 
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ry readily. The question then arises, what is the cause of this very different 
behavior between hypoeutectoid and hypereutectoid alloys of this character? 
\ specimen of each of the alloys investigated was quenched and then held 

the dilatometer at 500 degrees Cent. (932 degrees Fahr.) for several hours 
order to observe the length changes occurring during such treatment. No 
perceptible change occurred in the hypoeutectoid alloys, but the hypereutectoid 
loys showed very definite changes, which have been plotted in Fig. 1 of this 
discussion as a function of time. These curves show that for each alloy the 
first part of the decomposition reaction produces a contraction which is to be 
attributed to the precipitation of carbides from the supersaturated gamma solid 
solution. Furthermore, the initial velocity of the reaction as determined by the 


initial slope of these curves appears to be a function of the carbon content. 


Fig. 2—Photomicrograph of a Specimen of a 0.76 Per Cent 

Carbon, 9.4 Per Cent Manganese Alloy. Note the Relation of 

the Primary Carbides to the Pearlite Etched: Sodium Picrate 

x 2000. 
Later, the actual formation of a pearlitic structure manifests itself by a small 
expansion. When these specimens were examined microscopically, primary car- 
bides surrounded by pearlitic structures were observed, quite similar to Figs. 
4C and 5A of the authors’ paper. Even specimens heat treated only two hours, 
and in which the predominant part of the reaction as recorded dilatometrically 
was the precipitation of carbides, showed large masses of pearlite, Fig. 2 (this 
discussion ), 

Since the initial velocity of this precipitation and decomposition reaction 
appears to depend to some extent upon the carbon content of the alloys, it is 
only natural to suppose that the critical rate of cooling as discussed by the 
authors would also depend upon the carbon content of the particular alloy in 
question. 

The actual mechanism involved in the Ar, transformation of these alloys 
is a matter of conjecture, but the following one suggests itself after a study 
of the constitutional diagram. The formation of carbides rich in manganese 
removes both manganese and carbon from the gamma phase, so that its com- 
position in the region immediately adjacent to the carbide soon reaches the binary 
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eutectoid line at a lower manganese concentration. When the binary eutectoid 
line has been reached, the formation of pearlite may proceed quite easily and 
will occur in the areas near the primary carbides before carbide precipitation 
has been completed. 

In conclusion, I should again like to call to attention the fact that the 
precipitation of carbides plays an important part in the Ar: transformation jn 
this type of alloy. 

Written Discussion: By A. M. Portevin, Paris France. 

In order to study conveniently the hardening transformation Ar”, H. 
Scott and J. G. Hoop were right in choosing steels containing sufficient man- 
ganese to have a low critical cooling rate. 

Steels with low critical cooling speeds do, in effect, present the phenomena 
in “slow motion,” and all the experimental difficulties of correct observation 
and recording of the phenomena are thus avoided. Moreover, it is with steels 
of low critical cooling speed that Osmond, a long time ago, first noted the 
doubling of the transformation on cooling and connected these two stages with 
the formation of troostite and martensite, thus establishing the general relation- 
ship between the microstructure and the position of the transformation point. 
We have called the two stages Ar’ and Ar”, as has also M. Chevenard.** 

Slow transformations lend themselves quite easily to self (automatic) 
recording, which is preferable to determination by points on dilatometric curves 
as the authors have done, because in the latter method phenomena which show 
as very slight variations in dilatability may pass unnoticed. An example is 
found in the irregularities accompanying the precipitation of cementite from 
austenite in tempering hypereutectoid steels, as we have shown in collaboration 
with M. Chevenard in our work on tempering.’ 

Similarly, in order that the structures may be conveniently observed, they 
must be formed at a greatly reduced speed; when one does not have at his 
disposal the remarkable examination methods of Dr. Francis F. Lucas, by 
which he obtains such excellent photomicrographs at enormous magnifications, 
one cat use the method we have described*® which permits the structure to grow 
by slackening the cooling speed sufficiently during the period the particular 
structure forms. One can then use ordinary magnifications to study the struc- 
tures thus obtained. 

It is by this means that we showed, a long time ago, that the nodular 
constituent forming at Ar’ and accompanying the martensite or austenite in 
manganese steels is pearlite in which one can recognize the radiating or fan- 
shaped lamellae. In his high magnifications Lucas has also found these 
lamellae in the nodules of troostite. Several photomicrographs are reproduced 
from our original paper* showing in particular that the nodules of troostite 


1A. Portevin, “Sur Les Points de Transformation Des Aciers Nickel-chrome,” Revue 
de Métallurgie, Vol. XIV, p. 707, 1917. 


*P. Chevenard et A. Portevin; “Contribution a étude du Revenue, _Des Aciers 
Trempés.”” Congrés International des Mines et de la Métallurgie de Liége, Juin 1930. 


8A. Portevin, C. R., 172, 1921, p. 964. 


*A. Portevin, C. R., 165, 1917, p. 62. 
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Fig. 1—Carbon 0.9 Per Cent; Manganese 7.2 Per Cent. X 1000. 
Fig. 2—Carbon 0.7 Per Cent; Manganese 9.8 Per Cent. X 550. 
Fig. 3—Carbon 1.00 Per Cent; Manganese 12.00 Per Cent. X 400. 
Fig. 4—Carbon 1.00 Per Cent; Manganese 16.3 Per Cent. X 300. 


disseminated in the austenite of manganese steel are sometimes surrounded by 
a boundary of martensite resulting from the Ar” transformation due to im- 
poverishment of the austenite in carbon following the precipitation of the 
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cementite (Fig. 2). The directions of this martensite are prolonged 
austenite which appears to be cleft in three orientations. 

Other photomicrographs of a 0.9 per cent carbon, 10 per cent mang: 
steel are also attached, Fig. 3 showing the pearlite lamellae and Fig. 4 4 
curious dendritic appearance of the pearlite mass. 


It is obvious then that by sufficiently slow cooling of an austenitic 


nan 
ganese steel, not only troostite but also the lamellar structure of pearlite wil] 
appear, at the same time retaining the nodular forms of the troostite or dep 


dritic forms in which the orientation of the lamellae is in accord with th 
direction of the dendrites. 

In this way, numerical relationships (equivalence ratios), such as _ thos 
of Messrs. Scott and Hoop, relating Ar” with the carbon and manganese con 
tent or, what amounts to the same thing, relating the microstructure and tly: 
chemical composition, are only valid in well-defined conditions of cooling 

These ratios are useful and convenient in making a quick general determi 
nation in simple cases, but they should be considered only as a first approxima 
tion; complete knowledge of the problem can only be furnished by character 
istic curves as we have defined them in general and determined them for certain 
specific steels, with M. Chevenard,” by using the dilatometric method not onl 
to find the transformation temperatures but also the amplitude of the trans- 
formations which measure quantitatively the proportion of the constituents 
formed. 


Oral Discussion 


E. C. Barn: There are several points in Mr. Scott’s paper to which | 
would like to refer. The first is that in one of the slides he showed an arrow 
pointing up to about the vicinity of 600 degrees Cent. and said, “beginning of 
Ar double prime.” 

We have never found a steel that transformed to anything resembling 
martensite in that temperature range, such transformation always having 
yielded some form of pearlitic structure which could be resolved at the highest 
magnification. Therefore, I think that value is several hundred degrees to 
high for the Ar”. 

Another point I would like to ask Mr. Scott more about is the alloy rep- 
resented by the little triangle in his Ar” chart. The Ar” point for that alloy 
was marked to be somewhere in the vicinity of zero degrees Cent. If that be 
true, then that material as quenched in 1926 must now in 1932 still be wholl) 
austenitic and absolutely nonmagnetic. Our experience with alloys of about 
that composition indicates they will not remain wholly austenitic. 

I was much interested in what Dr. Eckel had to say about the extreme 
slowness with which the high manganese alloys, comparatively low in carbon, 
transform in the Ar” or Ar’ region. We have observed the same thing. We 
do not find, however, that they never transform. It is merely that they are 
very slow; after hundreds of hours they do transform to pearlite. We attribute 
that to some such circumstance as this: When carbide forms out of high man- 








SA. 


‘ Portevin and P. Chevenard, ‘“‘The Characteristic Curves of 
Steels.’ 


the Heat Treatment | 
Journal, Iron Steel Institute, Vol. CIV, p. 117, 1921. 
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ese alloys, that carbide is very much richer in manganese than the alloy 

a whole. Therefore the austenite becomes leaner in manganese, which is 

outstanding element retarding transformation, and the alloy now impov- 
ished in manganese can transform with increasing rapidity. If the carbon 
low, you do not have this depletion of manganese in the austenite taking 
Jace and therefore the reaction proceeds with extreme slowness. 

Does Mr. Scott mean by the Ar” point the beginning of the transformation 
of austenite to martensite, or other products, or the conclusion of that change ? 
If he means beginning, then his steel quenched in 1926, I still insist, must be 
wholly austenitic today. If it is not, then Ar” is at some higher temperature 
than the room temperature of his storage place. 

Howarp Scotr: We consider only the start of the transformation. Of 
course, there is no very definite end for the high carbon series. 

E. C. Barn: Then the piece is still austenite? 

Howarp Scotr: If we had kept it, it should be, but this piece was used 
in getting certain further information. It was cooled down below room tem- 
perature and no sample was kept, but I agree that it should be austenitic. 

P. H. Brace:’ I would like to know whether Mr. Bain has samples which 
have exhibited, over a period of years, the type of continued transformation 
suggested in his discussion. Perhaps Mr. Scott will have to prepare another 
sample to verify the location of the point on his diagram, whose location Mr. 
Bain has questioned. 

E. C. Bain: I have no very complete record, although I am thinking, 
with a good deal of regret, of the time I published something about a steel, 
containing relatively small amounts of nickel and manganese, which | thought 
was austenitic, but which had only been austenitic for a very short time; 
within a few days it was martensitic. 

P. H. Brace: With regard to magnetism and allotropy, it is my under- 
standing that so far no definite X-ray evidence has been shown of changes 
in crystal lattices or system of crystallization coincident with the magnetic 
transformation in iron. Recently Dr. Bitter, working with Dr. Yensen in the 
Westinghouse Laboratories, has performed some interesting experiments in 
which he magnetized single crystals of iron produced when the iron was 
melted and allowed to cool slowly so that very large crystals were developed. 
When these crystals were magnetized and the surface coated with an extremely 
fine magnetic powder Dr. Bitter found that a definite pattern was produced 
by local accumulations of magnetic powder in the form of uniformly-spaced 
parallel straight bands across the surfaces of the crystals. The spacing of the 
bands was of the same order as that of slip bands that might occur in the 
material when cold-worked. Definite relations between the two have not as 
yet been demonstrated, but the experiment gives an idea of the scale of ap- 
parent aggregates responsible for ferro-magnetism in iron. 

There are other cases which may be mentioned in which aggregates of 
molecular type are apparently the controlling factor; for example, the forma- 
tion of highly magnetic alloys from completely nonmagnetic constituents. Led 


‘Manager of the metallurgical division, Westinghouse Electric and Manufacturing Co., 
East Pittsburgh, Pa. 
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by these phenomena, physicists are coming to the thought that magnetis; 
determined by molecular aggregations and not by atomic properties alone and 
visualizing the mechanism in terms of groups of atoms which may run 


1S 


into 
hundreds of thousands in single blocks co-operating as regiments rather than 


functioning as individuals. 

It seems to me that by defining allotropy pretty clearly we would eliminate 
the Curie magnetic change from the picture and that as a result some of the 
difficulties and confusion arising from the beta iron controversy would be 
cleared away. I venture to define allotropy as a spontaneous change of physi- 
cal properties with temperature resulting from abrupt changes of crystal lat- 
tice type or parameter. 

R. S. Arcuer:’ It might be pointed out that medium manganese steel js 
getting into a ternary alloy and we might expect a range of temperature jn 
that case which we would not expect in the purer binary series. 


Author’s Closure 


It is very gratifying to get these pertinent comments from a variety of 
viewpoints. Regarding the discussion by Messrs. Bain and Davenport, it 
might appear that we are very much at odds. That is not so. I agree fully 
that the temperature of Ar” is a function of the “final cooling rate” as they 
put it when that rate is comparatively slow. It has been proved to be so by 
them in a very clear-cut manner. The discrepancy between our views resides 
in the question: What is the minimum rate at which no carbide precipitation 
can occur? 

In this connection Bain and Davenport bring up the point that rate of 
cooling at lower temperatures than that at which we measured it is important 
in determining carbide precipitation. Again we must agree. From the way 
the experiments were made, however, it may be seen that the rate of cooling 
at lower temperatures, say 450 to 150 degrees Cent., is some constant fraction 
of the rate actually measured. As Bain and Davenport have already shown, 
the rate of reaction (carbide precipitation) in that range diminishes very 
rapidly with temperature. In fact, it appears to diminish more rapidly than 
does the rate of cooling. That is why we are confident that carbide did not 
precipitate to any appreciable degree. 

With respect to the lack of agreement between our estimation of the 
location of Ar” in low manganese content steels and their more direct determi- 
nations, Messrs. Bain and Davenport point to the fact that the carbide in their 
steels was entirely dissolved when the steels were quenched. It does not 
follow, however, that all the carbide was retained in solid solution when Ar” 
was reached. The microscope does not appear to be competent to detect the 
fine dispersion of carbide which may be present under these conditions. 

Attention is quite properly called to the difference in mechanical proper- 
ties between a steel as ordinarily quenched to room temperature and the same 
steel quenched to a temperature just above Ar”, then cooled slowly to room 
temperature. It is interesting to note that such a finding was anticipated by 
X-ray studies of quenched steel reported in TRANSACTIONS last year by N. P. 


“Director of research, A. O. Smith Corp., Milwaukee, Wis. 
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s. He found much less grain distortion after a retarded quench than after 

ormal quench. This finding would be expected also from the large volume 

nge during the hardening transformation. By slowing down the rate of 

mation of martensite more time is available for relaxation of the inevitable 

esses that produce distortion. One should expect, therefore, that the steel 
cooled more slowly through Ar” will have appreciably better mechanical 
properties. 

After a well-considered statement of the reactions at Ar:, Dr. Eckel calls 
to our attention the fact that the critical cooling rate depends on the carbon 
content. One might question, therefore, our assumption that the critical cool- 
ing rate determined on the steel of lowest manganese content and highest car- 
bon content is the Jowest for the group of steels studied. The effects of 
alloying elements, however, and particularly manganese are much more pow- 
erful than that of carbon, so the carbon content is probably of secondary 
importance in this respect. Also we have assured ourselves by microscopic 
examination that Ar; occurred in none of the specimens used in determin- 
ing Ar”. 

In his oral remarks, Mr. Bain is perhaps justified in his criticism of our 
extension of the curve: start of Ar” versus equivalent manganese content, to 
600 degrees Cent. when we had no data in that vicinity. It is, however, cer- 
tainly representative of carbon-free alloys and the limiting carbon contents 
are fully stated in the figure. 

With regard to the structure resulting from a steel showing Ar” at 600 
degrees Cent., it may be noted that according to our curve a steel containing 
0.5 per cent manganese and 0.22 per cent carbon should transform to marten- 
site at that temperature. Of course, a very rapid quench would be required 
to produce martensite in that composition, but the product of a sufficiently 
rapid quench would certainly have characteristics of martensite. Here again 
the evidence of the microscope is not necessarily conclusive and the answer 
may reside in how one defines martensite. 

Mr. Bain suggests that high carbon austenite is not stable at room tem- 
perature. Extrapolating Davenport and Bain’s curves of reaction time versus 
temperature to room temperature for the condition that Ar” occurs below room 
temperature, the rate of reaction is seen to be extremely slow though of 
course finite. This is verified by experience with precision gage blocks. These 
blocks are made of martensitic high carbon steel, presumably containing some 
austenite, and are file hard. In some cases the dimensional changes observed 
over a period of many years do not exceed one hundred thousandth of an 
inch per inch. A quantitative answer, however, remains to be determined 
for austenitic steels as suggested by Mr. Brace. 

We are particularly fortunate in having comments from a pioneer in 
research on hardening phenomena, Mr. Portevin. In the thirteen years elapsed 
since the publication of the classic paper by Portevin and Garvin on the 
hardening of carbon steels, we have made frequent reference to it. That paper 
opened a new field for research activity, but progress therein has been much 
retarded by inherent experimental difficulties. Perhaps a new method of 
attack such as that recently employed by Davenport and Bain or a new view- 
point such as we have proposed will stimulate renewed activity. 
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Referring to his discussion now, one must agree with Mr. Portevin that 
autographic recording of dilatometric curves is preferable. It is, however. 
hardly essential in this case where the major object is to relate transformation 
temperatures with composition to use autographic recording solely for th; 
purpose of obtaining better accuracy of temperature observation than 5 
degrees Cent. A range in transformation temperature of 10 degrees Cent. 
corresponds roughly to 0.02 per cent carbon content and variation of carbon 
content to that extent must be expected within each alloy. 

It gives us great pleasure to accord Mr. Portevin recognition for finding 


the pearlitic structure in the constituent formed on quenching which is usually 


called troostite. Evidently we should consult Comptes Rendus as systemati- 
cally as Revue de Metallurgie. 

The relation of Ar” to equivalence ratios is certainly valid only for well 
defined conditions of cooling. We might be more explicit than in the text 
and say: the start of Ar” is determined for the minimum cooling rates at 
which no detectable carbide precipitation occurs or for faster rates of cooling 
It is assumed, of course, that the temperature of the transformation does not 
vary materially over a wide range of cooling rates from the minimum upward. 
That has not been demonstrated in a conclusive manner, but is supported by 
our experience with carbon-free alloys. As will be shown presently the high 
carbon alloys must behave towards rate of cooling in a strictly analogous 
manner to the carbon-free alloys when cooled at the minimum rate or faster 
than the minimum just defined. 

It is certainly advantageous, as Mr. Portevin suggests, to have the “char- 
acteristic curve” of a steel rather than the temperature of Ar” as evaluated 
here. We do not concede, however, that this temperature is not a funda- 
mental and reproducible characteristic property of a steel just as are the critical 
points for slow rates of temperature change. This critical temperature, of 
course, does not have the same wide range of practical utility as do the crit- 
ical temperatures for slow cooling. We are indebted to Messrs. Bain and 
Davenport, however, for pointing out a situation where the temperature oi 
Ar” may be used to practical advantage. They have shown that the proper- 
ties obtained by retarded cooling through Ar” are markedly different from 
those obtained by a normal quench followed by tempering to the same hard- 
ness. From the observations of Goss the mechanical properties after the re- 
tarded quench are undoubtedly superior. To apply this treatment effectivel) 
one must know at what temperature Ar” will start under the conditions of 
experiment defined here. 

Perhaps much of the divergence in opinion concerning our results may 
be dissipated by stating more fully our views regarding the sequence of reac- 
tions in high carbon steels cooled rapidly enough to suppress Ar. Consider 
a steel containing 0.8 per cent carbon and 3.0 per cent manganese. Cooled 
from above the solvus temperature, Ar” will start at 100 degrees Cent. accord- 
ing to Fig. 11. If cooled at a rate faster than necessary to prevent carbide 
precipitation, the temperature at which Ar” starts will change no more than 
if the carbon were replaced by some element having an equivalent effect plus 
unlimited solid solubility in austenite. Suppose, however, cooling is stopped 
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4 substantial time at any temperature below the solvus but well above 100 
degrees Cent. Then some carbide will separate and reduce the mean solid- 
solution carbon concentration to say 0.74 per cent. Ar” will now start on 
further cooling at 200 degrees Cent. or higher if the carbon distribution is not 
uniform. The same is true if the solid-solution carbon content is diminished 
by holding at a temperature between 100 and 200 degrees Cent. except that 
the transformation will then start while being held as Dr. Eckel has 
aptly shown. 


SO 


Conceding the foregoing statement, one may conclude at once that the 
reactions with time at holding temperatures above our “start of Ar”,” but 
below the Ar: level, are controlled entirely by carbide precipitation. Solid 
solution carbon dominates the Ar” transformation. It cannot start until a 
certain minimum carbon separation occurs. This is the only significant dif- 
ference between Ar; in carbon-free alloys and high carbon steels. It provides 
an explanation for the characteristic shapes of Davenport and Bain’s curves 
of reaction time versus temperature. The time in which the reaction proceeds 
to a certain stage increases logarithmically with diminishing temperature be- 
low Ar: as one would expect were the reaction carbon precipitation alone. 
As soon as the holding temperature reaches that of Ar”, however, the trans- 
formation starts instantly or nearly so as is shown by the abrupt swing of 
their curves back towards the time origin. From then on carbon separation 
follows the Ar” transformation instead of preceding it. 

We are indebted to the discussors of this paper for bringing out clearly 
the need for certain crucial experiments. Undoubtedly the effect of cooling 
rate on the start of Ar; in carbon-free alloys requires further study. It is 
fundamental to our understanding of the phenomena of hardening. The sta- 
bility of austenite at room temperature is also worthy of attention. Probably 
the truth of the matter is intermediate between the extreme views expressed, 
that is, the stability of high carbon content austenite depends on how far the 
start of Ar” is below room temperature. Experiments such as these will cer- 
tainly add materially to our knowledge of what might be called the dynamics 
of steel hardening. 















































































































ON THE EQUILIBRIUM A, AND A,,, POINTS 
IN PURE CARBON STEELS 


$y Yap, Cuu-PHAY 


Abstract 


The results that are reported in this paper are based on 
the work of Sato, using a differential dilatometer. New 
values of A, and Aw points have been derived. These 
appear to be more accurate than those derived by Sato 
himself. The values that have been obtained are, A, 
(ordinary pure tron) 900 degrees Cent.; A,, 720 degrees 
Cent.; Acm line, straight line from 0.795 at 720 degrees 
Cent. to 1.685 per cent carbon at 1130 degrees Cent. 

The results obtained by Gutowsky coincide remarkably 
well with the Acm values derived by the present author. 

The A, points obtained by Pilling and Halliwell are in 
good agreement with those of the writer. 


INTRODUCTION 


." connection with certain studies under way, the writer felt a 


great need for knowing the correct A, and Ag» lines. A study of 
the literature reveals the fact that practically no two investigators 
agree on their results. Epstein’ recently has called our attention to 
this state of affairs in his interesting resumé. 

It is a common characteristic of all transitions (melting and 
allotropic transformation) that there is always a hysteresis in the 
temperature of transition, the lag being proportional to the rate ot 
heating and cooling. Although it will be shown below that when the 
rate of heating and cooling is very slow, the lag upon heating and 
cooling at the same rate is equal, no evidence has ever been produced 
to support this point. While not a true transition, the A, points 
will be treated as such throughout this paper. This is justified when 
we treat austenite as a solid solution and the A, and Agm lines as the 
solubility curves of ferrite and Fe,C in austenite. On account of the 
restricted atomic mobilities, it is to be expected that we will find a 


1S. Epstein, “The Cementite Solubility Line,” Metals and Alloys, Vol. 1, 1930, p. 59) 
The author, Yap, Chu-Phay is a member of the society and is com- 
sulting physical metallurgist-chemist, New York City. Manuscript re- 
ceived June 27, 1931. 
260 








r felt a 
study of 
stigators 


ntion to 


ing and 
s in the 

rate of 
vhen the 
ting and 
produced 
= points 
ed when 
es as the 
nt of the 
ill find a 


930, p. 559 


id is con- 
script re- 









EQUILIBRIUM IN CARBON STEELS 261 








ater lag in transitions occurring in the solid state. We are there 
re quite justified in saying that one of the main causes of the dis 
eement in the results of thermal, magnetic, resistance and 


ittometric analyses, must be due to the different rates of heating 






a1 d cooling. 







THe A, AND Ag, POINTS FROM DILATOMETRIC ANALYSIS 













Realizing that the lag in the critical points is a function of the 
rate of heating and cooling, Sato attempted to evaluate properly this 
influence on the A, and a points in steels. He accordingly carried 
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Fig. 1—Observed Critical Points, Ace and Arse 
Plotted Against the Rate of Heating and Cooling: 
Whence Sato Obtained 845 degrees Cent. as the 
Equilibrium Critical Point. 
























out a series of elaborate and careful experiments,’ in which he varied 
the rate of heating and cooling. His data appear to be of a high de- 
gree of accuracy and it seems, therefore, more logical to examine 
critically the so-called equilibrium values he obtained as the result of 
his investigation. He used practically pure iron-carbon alloys in his 
experiments and considering the degree of accuracy of his instru- 
ment (a differential dilatometer) the effect of the minute amounts of 
manganese, silicon, phosphorus and sulphur may be safely dis- 
regarded. His results may generally be considered as accurate to + 1 
degree Cent. Even if the instrument is only accurate to + 3 degrees 
Cent. the total degree of error will be much less, as a positive error of 
3 degrees Cent. upon heating will be correspondingly counteracted 


by a negative error of 3 degrees Cent. upon cooling. The only 









r Sato, “On the Critical Points in Pure Carbon Steel,’’ Technical Reports, Tohoku 
Imperial University, Vol. 8, p. 27, 1929. 
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criticism of Sato’s experimental technique which the present writer js 
inclined to make is that the dilatometric method is not quite suitable 
for the accurate determination of the critical points of steels near the 
eutectoid composition. He arranged his experiments according t 
the following scheme: 


Hypoeutectoid steels :-— 


A. Specimen inserted in furnace preheated to 1000 degrees 
Cent. (1830 degrees Fahr.) and electric current in- 
creased immediately in order to raise the temperature. 
Specimen heated at the rate of 5 degrees per minute. 
Specimen heated at the rate of 0.5 degrees per minute. 
Specimen heated to 950 degrees Cent. in furnace, then 
the furnace is removed and specimen is allowed to cool 
in the silica tube. 

Specimen allowed to cool in furnace after current is 
turned off. 


Specimen cooled at the rate of 0.05 degrees per minute. 


Il. Hypereutectoid steels :— 


Specimen heated at the rate of 20 degrees per minute. 
Specimen heated at the rate of 10 degrees per minute. 
Specimen heated at the rate of 2 degrees per minute. 
Specimen cooled in the furnace. 

K. Specimen cooled at the rate of 10 degrees per minute. 


L. Specim:n cooled at the rate of 2 degrees per minute. 


On account of the danger of decarburization of hypereutectoid 
steels upon prolonged heating (the equivalent of annealing), Sato 
adopted a comparatively more rapid rate of heating and cooling than 
in the case of hypoeutectoid steels. The results Sato obtained are 
shown in Tables I and II. He then plotted his thermal data against 
the rate of cooling as shown in Fig. 1 and then drew curves in such 
a way that they intersect each other at the Y-axis. The point of 
intersection as shown in Fig. 1, is then according to Sato the true 
equilibrium point (temperature of transition). Sato entirely disre- 
garded his “L” values, which are more important than, say, the “]” 
values obtained at a fairly rapid rate of cooling. According to the 


physical interpretation of Sato’s curves, the true equilibrium point ot 


transition is obtained at zero rate of heating or cooling. 
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N %C 

922 
0.04 906 
0.12 878 
0.22 850 
0.32 830 
0.39 814 
0.42 810 
0.45 808 
0.62 784 





0.74 774 
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Gt 
No %C 
0.92 807 
2 1.07 875 
lS 1.12 902 
14 1.24 945 
15 1.33 998 
16 1.55 


1088 











Acs 
B 


911 
890 
860 
828 
sO05 
791 
780 
776 
755 


749 


Acem 





H 


805 
875 
902 
945 
996 
1080 


Table Ill 
The Acem and Arem Points Obtained Under Varying Conditions of Heating and Cooling 


Critical Points 


904 
SSO 
846 
817 
789 
779 
765 
764 
746 
738 








*Somewhat uncertain; they are obtained from Sato’s curves. 
Initial letters refer to heating and cooling rates as set forth on page 2 


replotting Fig. 1, it now appears as shown in Fig. 


obtain the equilibrium transition temperature. 
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rhe Critical, Ac, and Ar;, Obtained Under Varying Conditions of 


D 


882 
S18 
760 
726 
706 
693 
680 
684* 
674* 
674* 


Heating and 


At 3 
EK 


89] 

850 
807 
780 
758 
745 
736 
730 
707 


704* 


Cooling 


896 
868 
827 
796 
ade 

766 
753 
748 
724 


719 


The writer thought that some better way of obtaining the 
equilibrium transition temperature could be found, and in his attempt 
to find some empirical formulze which will mathematically express the 
conditions of the change in the temperature of transition with respect 
to the rate of cooling, it was found that by simply plotting Sato’s 
data on log-log paper symmetrical figures are obtained. Thus, upon 
It is of interest 
to note that as the rate of heating and cooling is decreased, the tem- 
perature of transition thus obtained will approach each other, and 
that only at an infinitely slow rate of heating and cooling will we 


A close study of Fig. 


Critical Points 


790 
S68 
888 
934 
986 
1080 


Somewhat uncertain; obtained from Sato’s curve. 
Initial letters refer to heating and cooling rates as set forth on 





J 


717* 
820 
840 
890 
920 

1018 


A Tem 





K 


730 
232 
854 
906 
942 
1036 


262. 


2 shows that the figure is not strictly symmetrical, but if we shift the 
upper curve horizontally to the right very slightly, the figure then 
becomes strictly symmetrical. This is easily explained on the assump- 
tion that the effect of superheating is slightly smaller than those of 
undercooling as the Ac points are at a higher temperature than the Ar 








764 
844 
860 
915 
948 
1048 
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points; that is, the undercooling represented by the 0.5 degrees Cent 


Ail 


per minute rate is equivalent to about 0.65 degrees Cent. per minute 


rate upon heating. The correction involved may, however, be safely 


disregarded as it is very small. 
In Table III, the real equilibrium temperatures obtained by Sato 
are shown in comparison with those derived by the writer according 


to the method shown in Fig. 2. While the difference in the two sets 











_ Fig. 2—Critical Points Shown in Fig. 1 Plotted on Log-Log 
Scale. The Asymtotic Value of 837 degrees Cent. is the True 
Equilibrium As Point, Instead of 845 degrees Cent. Obtained by 
Sato. 


of values is small in the case of the A, points, the Ag, values differ 
as much as 16 degrees Cent., which is considerable when we take into 
account the fact that the observed thermal data are accurate to 
degrees Cent. In general the equilibrium values obtained by the 
writer has the same degree of accuracy as is claimed for the observed 
data. 

It is somewhat unfortunate that no steel between the composition 
of 0.74 and 0.92 per cent carbon was investigated in order to help us 


Table III 
The Values of A; and Acm Obtained by Sato in Comparison With Those 
Derived by the Writer 

Steel No. 

Sato’s Ag 

Writer’s 

Steel No. 

Sato’s As e° 

Writer’s As 

Steel No. 

Sato’s Acm 

Writer’s Acm 


*With an accuracy of + 1 degrees Cent. _ 
**With an accuracy of + 2 — 3 degrees Cent. 
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ermine more accurately the eutectoid composition under really 
equilibrium conditions. For some time, the eutectoid composition is 
cepted as 0.85 to 0.90 per cent carbon by weight, although it should 
he apparent to anyone that the eutectoid composition changes accord- 
ing to its previous history (1. e. heat treatment). If we can locate 
the equilibrium A, temperature accurately, we should be able to locate 
with some certainty the equilibrium eutectoid composition as will be 
shown below. 
According to Sato, the eutectoid temperature is located at 726 
degrees Cent. (1340 degrees Fahr.), but a study of Fig. 3 shows that 





























oO 50 150Y min. 


Fig. 3—Sato’s Method of Obtaining the Eutectoid Temperature 
of 726 degrees Cent. 


in drawing the Ac, and Ar, curves, he was evidently influenced by this 
preconceived idea that the A, temperature should be 726 degrees 
Cent. (1340 degrees Fahr.) as was previously determined by others 
at the Tohoku Imperial University. In Fig. 4 (a) and (b) the 
present writer has shown how we obtain by two separate methods the 
eutectoid temperature as 720 degrees Cent. (1328 degrees Fahr.). 
In (a) the points shown in Fig. 3 have been simply replotted. A 
much more reliable method is shown in (b). Since the eutectoid 
temperature is more likely to be correct when the bulk (per cent by 
volume) of the eutectoid is large compared to the bulk of the other 
constituent, we shall accordingly give more weight to the A, of the 
hypereutectoid steels (Nos. 11-16). The “C” and “F” values of the 
hypoeutectoid steels are also included because as the rate of heating 
and cooling of these steels is very slow, they should give fairly close 
to equilibrium values. In Table IV are shown the mean values of Ac, 
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Table iV 
The Mean Values of A, as Obtained by Sato According to the 
Rate of Heating and Cooling 


Heating 


Cooling 

0.5 degrees per minute 0.5 degrees per minute 
10.0 degrees per minute JS 10.0 degrees per minute 
2.0 degrees per minute 3 ‘ 2.0 degrees per minute 


and Ar, of the different steels, which are plotted in Fig. 4 (b). In 
this way, we again (and perhaps more convincingly) obtain 720 
degrees Cent. (1328 degrees Fahr.) as the eutectoid temperature 
under similar ideal conditions of infinitely slow rate of heating and 
cooling. Having determined the eutectoid temperature, the next step 
would be to determine the eutectoid composition under similar ideal 


M 50 100°%CYmnin 
Fig. 4—(a) Fig. 3 Plotted According to Equation 2. 
Fig. 4—(b) The Mean Values of Ac; and Ar, Heated and 
Cooled at the Rate of 0.5, 2, and 10 degrees per Minute. In 
both Cases we Obtain 720 degrees Cent. and not 726 degrees 
Cent. as the Eutectoid Temperature. 
conditions. Assuming that between 0.7 and 0.8 per cent carbon 
there is no abrupt change in the specific heats of alpha iron, Fe,( 
and austenite—existing data indicate that this assumption is reason- 
able—nor in their respective activities, the intersection of the A, and 


Acm curves at 720 degrees Cent. gives 0.795 or simply 0.8 per cent 


carbon as the eutectoid composition. 

The results of some of the more important investigations are 
also shown in Fig. 5 for comparison. It is interesting to note that the 
Acm points obtained by Gutowsky* as far back as 1909 are in almos' 
perfect agreement with the writer’s derived values, while those ob- 
tained by Kaya‘ are also in good agreement. We also note that dis- 


®8N. Gutowsky, “Zur Theorie des Schmelz- und Erstarrungsprozesses der Eisen 
Kohlenstofflegierungen”’, Metallurgie, Vol. 6, 1909, p. 737. 

*S. Kaya, “On the Solidus Line in the Iron-Carbon System,” Science Reports, Tohoku 
Imperial University, Vol. 14, 1925, p. 529. 
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regarding the first A.m point near the eutectoid composition (around 
per cent carbon) we can justifiably consider the loci of Honda’s and 
Endo’s® and of Konno’s® critical points to be straight lines parallel 
to the present writer’s Ag, curve. Since they were obtained with an 
appreciably finite rate of heating, it is only reasonable to conclude 


Re i ee 


that they suffered a thermal hysteresis common to all transition. The 





{1} Honde end Endo 
2] Konno 

(3) Kaya 

[4] Gutowsky 

(5) Johensson and von Seth 
(6) Pilling and Halliwell 

7) Writer 
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Fig. 5—-The As, A, and Acm Curves as Derived 
by the Writer from Sato’s Data. The Results of 
Other Investigations are Shown for Ccmparison. 
The Agreement between Gutowsky and Pilling and 
Halliwell Results with Those of the Writer’s are 
Noteworthy. 











locus of the A, points obtained by Konno runs almost perfectly 
parallel to the A, line obtained by the writer. Points obtained from 
Johansson’s and von Seth’s study’ on the CO-CO, equilibria with 
ferrite—austenite all fall on the locus of Konno’s A, points. The 

°K. Honda and H. Endo, ‘On the Magnetic Susceptibility of the Iron-Carbon Alloys 


at High Temperatures and the Equilibrium Diagram of the System’, Ibid, Vol. 16, 1927, 
p. 627. 





*S. Konno, “A Study of the A; and Ag Transformation in Carbon Steels by Means of 
a Differential Dilatometer, Jbid., Vol. 12, 1923, p. 127. According to him, the eutectoid 
composition is located at about 0.91 per cent carbon, but a careful study of his dilatometric 
curves reveals that in this particular steel he did not heat it beyond 800 degrees Cent. 













A. Johansson and R. von Seth, ‘“‘The Carburization and Decarburization of Iron and 
Investigations on the Surface Decarburization of Steels’, Journal, Iron and Steel 
Institute, Vol. 114, 1926, p. 295. 


Some 
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critical points obtained by Pilling and Halliwell® are in almost perfect 
agreement with the writer’s values. 

Unfortunately we have not yet definitely established the upper 
limit of the solid solubility of Fe,C in austenite at the eutectic tem- 
perature. We have generally accepted the result of Gutowsky iy 
placing the limit at 1.7 per cent carbon at 1130 degrees Cent. (2066 
degrees Fahr.), although in recent years Honda and his associates 
have claimed the maximum solubility to be only 1.6 per cent carbon 
Assuming 1130 degrees Cent. as the correct eutectic temperature, 


the maximum solubility is nearer 1.7 than 1.6 per cent, being exactly 


1.685 per cent carbon. 


SUMMARY 


1. Based on the work of Sato, using a differential dilatometer, 
new values of A, and A, points have been derived, which appear to 
be more accurate than those derived by Sato himself. The difference 
is sometimes as high as 16 degrees Cent. 


2. The following important values have been obtained: 


(a) A, (ordinary pure iron), 900 degrees Cent. (1652 degrees 
Fahr.). 

(b) A,, 720 degrees Cent. (1328 degrees Fahr.) and 0.8 per 
cent carbon. 

(c) Agm line, straight line from 0.795 at 720 degrees Cent. (1328 
degrees Fahr.) to 1.685 per cent carbon at 1130 degrees 
Cent. (2066 degrees Fahr.). 


3. The results of previous investigations have been shown for 
comparison and discussed. It is noted that the results obtained by 
Gutowsky coincide remarkably well with the A.m values derived by 
the writer, while the A, points obtained by Pilling and Halliwell are 
likewise in very good agreement. 

4. It may be claimed with some confidence that the values of A 
and A.» points derived by the writer represent probably the most 
accurate ones so far obtained. 


; * i : ; eas oa 
8. am greatly indebted to Mr. Marsh for furnishing me with the points obtained ») 


Pilling and Halliwell, Westinghouse Electric & Mfg. Co., Technical Reports, L-2,612 (1924) 
It is my understanding that they used quite pure iron-carbon alloys. 
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THE TEMPERATURE ATMOSPHERE PROBLEM IN 
HIGH SPEED STEEL 


3y Sam Tour 








Abstract 


Be, che 








A study is made of the effect of variations in oxygen 
and carbon monoxide content in the high heat furnace 
upon the structure of high speed steel treated at 2400 
degrees Fahr. (1315 degrees Cent.) in this furnace. Indt- 
cations are that the structure resulting from the high heat 
treatment is materially affected by the oxygen and carbon 
monoxide content of the furnace atmosphere during heat 
treatment and that the furnace atmosphere shifts the 
equilibrium diagram for standard 18-4-1 high speed steel. 
It is further imdicated that unless very careful at- 
mospheric control is obtainable that 2400 degrees Fahr. 
is probably too high a temperature to use in the heat treat- 
ment of standard 18-4-1 high speed steel and that possibly 
2360 degrees Fahr. (1295 degrees Cent.) is the better for 
general practice. 
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INTRODUCTION 


to literature in connection with the heat treatment of high 
speed steel is considerable. No attempt will, therefore, be made 
to review the entire literature on the subject, but specific attention 
is directed to certain very excellent publications which are enumerated 
in the appendix to this paper. 

In a paper entitled “The Heat Treatment of Delicate Tools of 
High Speed Steel’? by the author, it was pointed out that furnace 
atmospheres have something to do with grain growth in high speed 
steel during heat treatment and that with proper control of furnace 
atmospheres not only can the surface condition of the steel be pro- 
tected, but undue grain growth can be eliminated without the sacri- 
fice of satisfactory red hardness in the finished tool. 










‘Sam Tour, “The Heat Treatment of Delicate Tools of High Speed Steel,” Fuels and 
Furnaces, September, 1930. 





A paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3-7, 1932. The author, Sam Tour, is a member of the 
society and vice-president of Lucius Pitkin, Inc., 47 Fulton St., New York City. 
Manuscript received July 29, 1932. 
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PsEupo-BINARY DIAGRAM OF HIGH SPEED STEEL 


The pseudo-binary diagram for high speed steel as developed 


by Grossmann and Bain in “High Speed Steel” is shown in Fig. 1, 
This is a very valuable diagram for consideration. Standard high 
speed steels of the 18-4-1 type can be considered as falling in the 
neighborhood of 30 to 35 per cent of complex carbides as indicated 
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Austenite sl Grbide 


Degrees Fahrenheit 
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s 
Degrees Gntigrade 
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ferrite and Grbide 


| | 
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Fig. 1—The Pseudo-Binary Diagram of Fe- 
Fe,We2C. 


on this chart. The important item of consideration is the location 
with regard to temperature of the line A-B and the significance of 
this line. Grossmann and Bain show it at a temperature of 1300 
degrees Cent. (2372 degrees Fahr.). If high speed steel contain- 
ing the equivalent of 28 or more per cent of the complex carbide 
is heated above this line A-B, liquid eutectic will be formed. In 
other words, if in actual practice high speed steel tools were actually 
heated to 2400 degrees Fahr. incipient melting should result. If the 
maximum heat treating temperatures are kept below the line A-B 
then no liquefaction is to be expected and the structure should be 
austenite and carbide with the austenite carrying the maximum 
amount of carbide in solution that is possible. In other words, high 
speed steel heated to temperatures just below the line A-B will have 
maximum carbides in a solution of austenite saturated with carbide 
for that temperature. 

In the work reported in this paper, no attempt has been made to 
check the exact location of the line A-B, but an effort has been made 
to determine whether or not the line A-B is shifted with respect to 
temperature by a change in the furnace atmosphere. If at one fur- 
nace atmosphere, we find liquefaction for a given temperature and 
in another furnace atmosphere, but at the same temperature for the 
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same period of time, no liquefaction occurs then it seems that the 
line A-B has indeed been shifted by the change in furnace at- 
mosphere. 

Tue MetrHop 


All of the pieces used in this work were taken from one bar 
A 1-inch 


bar of hot-rolled and annealed steel was turned down to approxi- 


of annealed standard 18-4-1 tungsten high speed steel. 
mately 34 inch diameter in order to remove all surface skin. Pieces 
approximately 1 inch long were cut off and a V-shaped notch approx- 
imately jg inch thick was turned in at the center of each of these 





Fig. 2—Diagram of Certain Curtain Control. 


1. Atmosphere Combustion 5. Water Cooled Termi- 
Chamber nals 
2. Inlet from Manometer 6. Refractory Lining 
3. Slot Emitting Curtain 7. Heating Insulation 
of Combusted Gases 8. Hearth Plate (Not 
4. Globar Heating Ele- Shown) 
ments 9. Terminal Bricks. 


l-inch pieces. Serial numbers were stamped on each end of each 
piece together with the letter A at one end and the letter B at the 
other end so as to be able to identify the pieces throughout the work. 

All pre-heating was done in a metallic resistor electric furnace 
of the certain curtain type built by C. I. Hayes, Inc., and equipped 
with manometer tubes to indicate and control the proportion of gas 
and air used to maintain the furnace atmosphere. 

All of the high heat treatments were carried out in a Globar 
heated electric furnace of the certain curtain type as built by C. I. 
Hayes, Inc., and equipped also with manometer tubes for indication 
and control of the gas-air ratios used for maintaining the furnace 
atmosphere. A diagram of this furnace and the method of at- 


mosphere control is shown in Fig. 2. In Fig. 3 is shown the 
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manometer tubes as used for control of the gas and air being ; 
mitted to the combustion chamber underneath the door of the fur 
nace. In Fig. 4 is shown a diagram of the carbon monoxide—carhon 


dioxide—oxygen relationship in this furnace when operating at a 
temperature of 2400 degrees Fahr. (1315 degrees Cent.) with various 
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tin 






Fig. 3—Manometer 
Tubes, Controlling Gas 
and Air Entering Com- 
bustion Chamber. 


proportions of air being admitted for a given proportion of gas. The 
chart of furnace atmospheres for given settings as indicated in Fig. 4 
was not accepted in whole for the work reported upon in this paper, 
but actual orsat analyses were made for each individual heat treat- 
ment. 

All samples were pre-heated for 30 minutes at 1600 degrees 
Fahr. (870 degrees Cent.) in an atmosphere which showed on analy- 
ses to contain 3 per cent of oxygen and 11.8 per cent of carbon dioxide 
and no carbon monoxide. Pieces for the hardening treatment were 
treated for periods of time as indicated, at temperatures as indi- 
cated, and in atmospheres as indicated. For each condition of at- 
mosphere at the higher temperature, the valves were adjusted and 
the furnace allowed to operate for several minutes and then orsat 
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analyses made of the atmosphere, then, after this was found satis- 
factory, the piece to be hardened, or pieces, were inserted and the 
hardening accomplished after which orsat readings again were taken 
to make sure that the atmospheric conditions had not changed dur- 
various ing the period that the specimens under test were in the high heat. 
Samples for gas analyses were withdrawn through a nickel tube, 




















ee hee 
6 
laches of Air (6es Ve~) 
Fig. 4—Atmosphere Relationship in Certain 


Curtain Type Furnace, When Operating at 
2400 Degrees Fahr. (1315 Degrees Cent.). 


a considerable quantity being flushed through the apparatus each 

time to make sure that a true sample from the heating chamber itself 

was being analyzed. The inlet end of the nickel tube in each case 
_. The was at the center of the furnace where the samples being heat treated 
Fig. 4 were to be placed. Previous work had indicated that practically 
paper, no variation in furnace atmosphere exists in the region where work 
erent. is being heated in these furnaces. 

After heating for the indicated time, the specimens were with- 
legrees drawn from the furnace with a pair of tongs and quenched in quench- 
amaby. ing oil till cold, then washed and dried. After noting the surface 
nei de appearance of the samples, they were fractured along the V notch 
i tinal which had been cut in previously and the A portions set aside and 
s indi- the B portions were all drawn at 1050 degrees Fahr. (565 degrees 
sk ob. Cent.) for one hour in a Homo electric furnace. All A and B 
ali ead portions were then examined metallographically after etching with 
slorsat ) per cent nital solution to develop the grain boundaries. A uniform 
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etching time was not practiced but in each case etching was con- 
tinued to develop properly the grain boundary structure. 


RESULTS 


No attempt is made in this paper to tabulate all of the samples 


which were run, nor to show photomicrographs of all the structures 
obtained. The significant ones are tabulated in Table I, together 
with remarks as to the appearance of the fracture of the specimens 


18-4-1 High Speed Steel—Preheated 30 min. 1600 Degrees Fahr.—3 Per Cent 0: 


A—As quenched specimen. 
B—As quenched and drawn 1 hour at 1050 degrees Fahr. 
Hardening 
Temperature Time 
Fig. Specimen Degrees in 
No. No. Fahr. furnace Remarks 
5 6-A 2300 10 : 5. Fine Grain. Sur 
face O.K. 
6 od 2300 10 8 8 Fine Grain but 
some surtace scale 
7 d 2300 10 8 Grain growtl 
Scaled. 
8 d 2360 3 ; 4 Fine grain. Sur 
face O.K. 
9 5-/ 2400 3 $. J Very slight grain 
growth. Surface 
O.K. 

2400 8. eo Some grait 
growth. Surface 
slight scale. 

2400 ’ : Great grait 
growth. Eutectic 
torming in_ spots 
Surface scaled. 

2400 8.8 8 Great grain 
growth. Numerous 
eutectic areas and 
larger. Scaly. 

2400 z Considerable eute< 
tic formation; bad 
ly scaled. 

2400 4. 50% transformed; 
very badly scaled 

2400 8: 100% trans 
formed. Almost 
scaled away 


as hardened, the surface appearance of the specimens as hardened and 
a brief note regarding the amount of eutectic found on metallographic 
examination. Photomicrographs at 500 diameters magnification are 
shown of each of the specimens indicated in Table I. 


DISCUSSION 


Specimen 6 as heated to 2300 degrees Fahr. (1260 degrees Cent.) 
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for ten minutes in an atmosphere containing approximately 5 per 
cent carbon monoxide came out with fine clean surface, a fine grain 
fracture and a structure as indicated in Fig. 5. Specimen 4 treated 
to the same temperature and for the same time as specimen 6 but in 
an atmosphere containing no carbon monoxide and 0.8 per cent of 
oxygen showed a similar fine grain fracture but some surface scale 
from the heat treatment and a structure as indicated in Fig. 6 show- 
ing a somewhat, although not decidedly, larger grain size than re- 
sulted from the treatment given to specimen 6. Specimen 1 treated 
for the same time and at the same temperature as specimens 4 and 
6, but in an atmosphere of air containing 18 per cent oxygen showed 
decided grain growth as indicated by a coarse fracture, decided scal- 
ing of the surface and also a decided grain growth as indicated by 
Fig. 7. Specimen 19 was heat treated to 2360 degrees Fahr. (1295 
degrees Cent.) for three minutes only in an atmosphere containing 
6.5 per cent of carbon monoxide resulting in a fine grain structure, 
a satisfactory surface and a grain size as indicated in Fig. 8. Practi- 
cally no grain growth is indicated for this treatment in this at- 
mosphere. 

Specimen 15 was heated for only three minutes to 2400 degrees 
Fahr. (1315 degrees Cent.) in an atmosphere containing 10.3 per 
cent of carbon monoxide and showed on fracture only very slight 
coarsening of the grain, a satisfactory surface after heat treatment, 
and a grain growth and a certain amount of coalescence of carbides as 
indicated by Fig. 9. The structure of this specimen after draw- 
ing at 1050 degrees Fahr. (565 degrees Cent.) for one hour is shown 
in Fig. 10. Specimen 14 was heated for ten minutes at 2400 de- 
grees Fahr. (1315 degrees Cent.) in an atmosphere containing 10.3 
per cent of carbon monoxide, the fracture showing some coarsen- 
ing of the grain, and the surface a very slight amount of scale, and 
the structure as indicated in Fig. 11 shows a considerable grain 
growth but no apparent intercrystalline liquefaction. Fig. 12 shows 
the structure of specimen 14 after the drawing treatment. Speci- 
men 13 was heated for ten minutes at 2400 degrees Fahr. (1315 
degrees Cent.) in an atmosphere containing 4.6 per cent of carbon 
monoxide instead of the 10.3 per cent used on specimen 14. The 
surface of the specimen showed considerable scale, the structure 
as indicated in Fig. 13 shows very great grain growth and the for- 
mation of some eutectic indicating the starting of intercrystalline 
liquefaction. The structure of this specimen after drawing and near 
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one of the eutectic areas is shown in Fig. 14. Specimen 12 was also 
heated for ten minutes at 2400 degrees Fahr. (1315 degrees Cent.) 
but in an atmosphere containing 2.8 per cent of carbon monoxide 
instead of the higher percentages used in the previous two speci- 
mens described. Enormous grain growth resulted and numerous 
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—— areas of larger proportions than found when an atmosphere 
containing roughly 5 per cent of carbon monoxide was sa The 
ae of the specimen as hardened is shown in Fig. 15 wud as 
drawn in Fig. 16. The eutectic areas are larger and mae sonia 
ous. Specimen 11 was also treated for ten minutes at 2400 degrees 
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Fahr. (1315 degrees Cent.) but in an atmosphere containing no car- 
bon monoxide and no oxygen and 11.4 per cent of carbon dioxide. 


This specimen was badly scaled and a very considerable amount of 


eutectic structure was formed as indicated by Fig. 17 of the as 
quenched portion and Fig. 18 of the as drawn portion. Specimen 
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10 was also treated for ten minutes at 2400 degrees Fahr. (1315 
degrees Cent.) but in an atmosphere containing 4.2 per cent of 
oxygen and 8 per cent of carbon dioxide. This specimen was very 
badly scaled indeed and the structure showed fully 50 per cent of 
the material had been changed over to the eutectic formation. The 
structure as quenched is shown in Fig. 19 and as drawn in Fig. 20. 
Specimen 8 was similarly treated for ten minutes at 2400 degrees 
Fahr. (1315 degrees Cent.) but in air containing 18.4 per cent of 
oxygen and no carbon monoxide. The specimen almost scaled away 
in this treatment and the resulting structure shows practically 100 
per cent formation of the eutectic. The as quenched structure is 
shown in Fig. 21 and the as drawn in Fig. 22. 

The more active formation of the eutectic as indicated by speci- 
mens 8 and 10 treated in atmospheres containing considerable oxy- 
gen or even in specimen 11 treated in an atmosphere containing 
considerable carbon dioxide and no carbon monoxide, might be 
attributed to self-heating as the result of the burning of iron to iron 
oxide on the surface of the specimens. Sufficient self-heating, how- 
ever, to result in any appreciable increase in the actual temperature 
of a specimen of this size could hardly be expected, however, in an 
atmosphere containing 2.8 per cent of carbon monoxide as in speci- 
men 12 or 4.6 per cent as in specimen 13. 


CONCLUSION 


It would seem as though the above work indicates that the line 
A-B referred to previously in connection with Fig. 1 is actually 
shifted by the change in the furnace atmospheres and that for low 
carbon monoxide content this line is below 2400 degrees Fahr. (1315 
degrees Cent.) and, for a carbon monoxide content of around 10 per 
cent, this line is slightly above 2400 degrees Fahr. (1315 degrees 
Cent.). If we assume that the line is normally at about 1300 degrees 
Cent. (2372 degrees Fahr.), as indicated by Grossmann and Bain, 
then we should make sure that all high speed steel is treated either 
below this temperature or else in an atmosphere containing sufficient 
carbon monoxide to raise this critical temperature sufficiently so that 
for the temperature actually used no eutectic formation results. 

That the approach to this line A-B is also effected by furnace 
atmospheres is indicated in the amount of grain growth resulting 
at temperatures of 2300 degrees Fahr. (1260 degrees Cent.). The 
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rate of grain growth might be considered as a function of how near 
the specimen is heated to the line A-B. If the line A-B is shifted 
upward by an atmosphere containing considerable carbon monoxide. 
then we can safely heat steel to a higher temperature for heat treat- 
ment without serious grain growth. 
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DISCUSSION 


Written Discussion: By E. E. Thum, editor Metal Progress, Cleveland. 
Mr. Tour is to be congratulated for drawing attention to this curious fact, 
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ich has been noted by a number of tool makers, that high speed steel heated 
an atmosphere having an excess of carbon monoxide resists burning, over- 
heating, and grain coarsening, and makes a better all-around tool than one 







heated an equal time and just as hot in an oxidizing atmosphere. One can 
readily see the reason for a different chemical action at the very surface, but the 
effect is generally thought to be deep seated, and now Mr. Tour brings definite 
microscopic evidence that this impression is correct. 

His experimental procedure appears well designed to stabilize all the 
variables except the gas atmosphere. If the changes in microstructure illus- 
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trated are due to gas, diffusing into the steel, they should be more pronounced 
near the surface than in deep seated regions. Mr. Tour might clarify this 
point. Of course, the temperature in these experiments was so high that the 
speed of gas diffusion is vastly greater than in our well-known case carburizing 
operations, and the 34-in. bars may have been penetrated to the very center, but 
one would be more confident in accepting gas as the sole cause of the grain 
coarsening, if he had definite assurance that in fairly large sections quenched 
from an oxidizing atmosphere, the grain is coarsened more near the surface than 
at the center. 

Mr. Tour’s plausible hypothesis that oxygen, dissolved in the high speed 
steel from the hot surrounding atmosphere, lowers the eutectic horizontal (or, in 
other words, causes an entirely new and more complex eutectic to form which 
melts at a lower temperature) requires us to accept his statement that the black- 
ened areas in Figs. 13 to 20 represent eutectic which has formed during the 
heating—that is, spots which have actually melted. In questioning this inter- 
pretation of the microstructure, I would refer anyone interested to Messrs. 
Grossmann and Bain’s book “High Speed Steel,” in which Figs. 74A and B show 
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identical structures. These gentlemen say on page 125 “Occasionally, when 
some decarburization accompanies rapid heating, the carbide diffusion does 
suffice to enrich the austenite in carbide elements according to equilibrium 
ditions, and as a result, some ferrite (delta iron solid-solution) is precipitated 
within the austenite grains. . . . The behavior serves to call attention to th 
fact that carbon must be present everywhere in a concentration greater than 
about 0.45 per cent in order that the solid solution phase may be wholly 
tenitic at very high temperatures. Photomicrographs 74A and B show such 
ferrite within the austenitic grains. It is always dark-etching and resembles 
somewhat very finely divided carbide particles (as sorbite) in the ferrite oj 
carbon steel. It is found whether incipient fusion had occurred or not.” 

This interpretation of the microstructure can, I think, be correlated with 
two well-known actions of oxygen in steel. Everyone will admit that the den- 
drites in high speed steel ingots are badly cored and this nonuniformity of 
structure runs clear through to the annealed bar. Since the complex carbides 
diffuse very very slowly at ordinary heating and rolling temperatures it js 
certain that the austenite in Mr. Tour’s samples was quite heterogeneous 
places rich in carbide-forming elements exist in fairly close proximity to places 
low in carbide-forming elements. Oxygen—or mixtures of carbon oxides con 
taining loosely bound oxygen—diffusing into the steel at the temperatures in 
question would either tend to decarburize the steel somewhat by forming carbon 
monoxide with carbon from the austenite and oxygen from the atmosphere, or 
the oxygen would go into solution if the austenite were not already saturated 
with this element, and there is much evidence to show that oxygen dissolved in 
ferrite (alpha or delta iron) increases the solubility of carbon. Either of thes 
effects, and especially the two of them working simultaneously, would pr 
mote the formation of patches of delta iron solid solution in the austenite 
(which are these dark etching areas shown by Mr. Tour) where ever it initially 
was deficient in carbide-forming elements. A glance at the equilibrium diagram 
indicates that these areas are much more infusible than the eutectic; in fact, 
delta’ solid solution would remain solid nearly to 1500 degrees Cent. (2700 
degrees Fahr.). Consequently they cannot have melted, as assumed by Mr. 
Tour. The spots which melt first are the eutectic; its structure is the lamellar 
area at the top of his micrograph Fig. 21. In that same view I would interpret 
the clear areas as austenite and the dark gray “worm paths” as delta iron. 

If this interpretation of the microstructure is correct it now remains to 
give a reasonable explanation of why the austenitic grains grow in very hot 
oxidizing atmospheres and are stable in equally hot carbonaceous atmospheres 

Turning to Jeffries and Archer’s “Science of Metals,” we find that the 
principal reason for grain growth is a gradient (nonuniformity) of some sort 
For instance, gradients of internal stress or cold work cause coarsening at 
certain areas and Stead’s brittleness results. This cannot be the cause here, tor 
the mixed samples were all cut from the same bar. Disparity of grain size, both 
relative and absolute, is another potent cause of grain growth, but we must 
assume that the internal structure of all samples was equivalent, each to each. 
Differences in temperature or atomic mobility cause grain growth, but all Mr. 
Tour’s samples were heated to 2400 degrees Fahr. for the same time. 
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Grain growth may be prevented by mechanical obstruction of matter in 
-olution, of insoluble inclusions, or of other constituents. To be effective the 
obstruction should be finely and uniformly divided. In this high speed steel 
the effective obstructing substances, if any, are carbon and the carbide-forming 
elements, and a carbonaceous atmosphere would tend to carbonize low carbon 
areas, thus more effectively obstructing grain growth, or at least to promote 
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uniformity in the austenite, and hence reduce composition gradients which are 
















undoubtedly great causes for grain growth. 

Thus an atmosphere having an excess of carbon monoxide would tend to 
restrict grain growth by suppressing local differences in concentration. Con- 
versely, an atmosphere having an excess of oxygen will give powerful impetus 
to grain growth, since, as shown above, it creates numberless patches of delta 
solid solution in the austenite and this produces steep composition or concentra- 
tion gradients which favor rapid grain growth in the austenite. 

The above theoretical considerations harmonize, I think, with all the ob- 
served facts stated by Mr. Tour (except one) and give a logical relation be- 
tween furnace atmosphere and grain growth in the surface layers, not too deep 
for gas penetration by diffusion. The one thing yet to explain is the incipient 
melting shown by small eutectic areas in Fig. 19 and the large scale melting in 
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xs, 21 and 22. Sample 8 from which the latter two were taken, according 

lable I, was “almost scaled away.” This means that the field of Figs. 21 
and 22 must have been fairly close to the surface. It is well known that the 
various elements burn away at various rates, and the very surface of a scaled 
‘ 


igh speed steel is different in chemical composition from the original bar, and 
that this also produces composition gradients inward from the surface. There 
would be no assurance, therefore, that the melted sample shown in photomicro- 
eraphs Figs. 21 and 22 has the same composition as the others which did not 
melt—in fact, we may be justified in assuming that it is not the same alloy, 
and in hoping that the spot photographed in Fig. 19 was close enough to the 
surface of bar 10 to be included in the same explanation. If these assump- 
tions prove incorrect one could still fall back on the idea that such excessive 
and rapid scaling as occurred on these samples generated enough heat by com- 
bustion of the metallic elements to raise the temperature of the remaining core 
substantially above the indicated furnace temperature (2400 degrees Fahr.), 
and hence above the eutectic horizontal. 


Oral Discussion 


H. G. Kesuian’*: I have been interested in this paper for its practical 
value. 

Mr. Tour finds no grain growth in the presence of large amounts of carbon 
monoxide in the furnace atmosphere, and large grain growth in the absence of 
suficient amount of that gas in the furnace. 

It seems to me that at the absence of certain amount of carbon monoxide 
in the furnace the actual temperature of the piece itself is higher than the fur- 
nace temperature indicated by the furnace pyrometer, and in the other case, 
where a large amount of carbon monoxide is maintained in the furnace, the 
actual temperature of the piece itself may even be less than the furnace tem- 
perature. 

I would like to ask Mr. Tour, therefore, in making his tests whether or 
not he has taken the actual temperature of the test pieces, by, say, inserting a 
thermocouple into the test pieces. 

C. B. Saprier’®: I would like to offer my congratulations to Mr. Tour for 
his very excellent piece of work. Those of us who spend most of our time 
working with high speed steels appreciate the character of the work and the 
fortitude he has shown in pushing into a pioneer field. Mr. Tour brings chem- 
istry into the tool room in a somewhat different way from what it has been 
brought in before. I mention that because I think that ultimately the whole 
solution will be made along physico-chemical lines. 

I would like to point out that not only are we concerned with the 18-4 and 
1 per cents of tungsten, chromium and vanadium respectively but also iron and 
the minor elements in the steel; and what is more important, I think, in the 
atmosphere, not only the carbon monoxide and carbon dioxide upon which both 
Mr. Tour and Mr. Thum have dwelt at some length, but I think it is quite im- 


‘Metallurgist, Chase Companies, Inc., Waterbury, Conn. 
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portant to carry along in your thoughts the fact that hydrogen water vapor 
nitrogen are also present in many cases. 

[ am assuming, of course, that the furnace atmospheres are made from cit) 
gas and air. The very fact that in many cases city gas is used presents varia- 
tions due to the needs of the gas manufacturer. At certain times there may }¢ 
only a small percentage of water gas, and at other times a larger percentage 

I was impressed by the need for taking these things into consideration jp 
viewing some of the slides that Mr. Tour showed. There were two slides 
that showed very close relationship in the carbon monoxide, but the carbon 
dioxide values differed widely. That difference might be accounted for in the 
different percentage of total hydrogen in the original gas. 

I mentioned nitrogen as being present. Nitrogen is frequently assumed t 
be a neutral gas in many cases where it is quite active chemically. It is well 
known that nitrogen is reactive with at least two of the constituents of high 
speed steel, chromium and vanadium. 

There may be a question as to the intensity of any action between nitrogen 
and iron at those temperatures, but that would require further investigation to 
throw any light upon it. 

Mr. Thum laid some stress on gradients, and led me to believe that he 
considered the composition gradients in high speed steel negligible. 

I should like to call attention to some of the statements that were made in 
the book, which Mr. Thum quoted of Grossmann and Bain (p. 115) to the 
effect that especially in the original ingot composition gradients of ingots are 
quite prominent, and likewise in some of the larger sections which fabricators 
of high speed steel are obliged to use, where there is not a great deal of reduc 
tion from the ingots. 

I have no direct evidence of this, but I can offer indirect evidence on ob- 
servations of hardened and drawn pieces where the drawing has been done at 
a critical degree, where certain areas will show the effect of much more draw- 
ing than others when you know that the actual drawing temperature has been 
the Same throughout. Regions in the vicinity of carbide clusters have often 
shown structures that were not found in adjoining spots. I suggest that that 
indicates very clearly strong composition gradients. 

I concur with Mr. Thum that composition gradients, among other gradients, 
will be found to account for some of the things which have been noticed. | 
might also add that in an extremely fine hardness measurement which [| have 
been fortunate to have at my command, something approaching the nature of 
the micro-character, although using somewhat heavier. loads, we find hardness 
variations in which you might assume was uniform material ; in terms of Vickers 
hardness they might vary from 700 to 900. 

This I consider further evidence of composition gradients. 

E. C. Batn*: I was in the room and heard the very interesting discussion 
of Mr. Tour’s paper. While you no doubt realize that I cannot possibly pass 
judgment on such an important matter with only a few minutes’ thought, yet | 
cannot resist the opportunity to say a few words. 

In the first place, it seems to me that we are indebted to Mr. Tour for 


®8Research metallurgist, U. S. Steel Corp. Laboratories, Kearny, N. J. 
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civing simple, direct, concise and conclusive demonstrations of the effect of 
the furnace atmosphere, which is certainly an extremely important practical 
matter. 1 think we are likewise indebted to Mr. Thum for the extremely 
thoughtful and searching inquiry that he made into these results. As I see 
‘t. there is nothing whatever in Mr. Thum’s comments to detract from the ob- 
vious importance of Mr. Tour’s developments. 

The only real point of difference is the identity of that black-etching con- 
stituent. All I can do is to tell you what I believe. You will, of course, expect 
me to be prejudiced in favor of what we said in our book. 

In heating in the presence of oxygen at high temperatures, it appears that 
one of the most important reactions taking place is coalescence of carbide into 
comparatively large bits, most of them being found in the grain boundaries. 
Occasionally large carbide particles will be found inside the grains. I believe 
that the microstructure carries its own proof of one of the circumstances. You 
will recall that around the carbide particle (illustrates) was a little region 
which did not develop the black etching material and that it was normally 
austenite before quenching and partially martensitic after quenching. 

| take it, then, that it cannot be depletion in carbon that caused this little 
region to remain light-etching; rather it is because it is high in carbon. 

This material, which could not have had more than 0.10 or 0.15 per cent 
carbon when we started to heat it has only increased in carbon up to 0.25 per 
cent or in that general vicinity, and therefore is not able to withstand the tend- 
ency for the precipitation of high temperature ferrite or delta iron so that we 
have a little delta iron formed there. That, after all, seems to me to be ex- 
tremely unimportant in this broad consideration. The fact is that Mr. Tour 
found very much more of the constituent which you are all well aware is 
eutectic, the herringbone structure with parallel lines. There was more of 
that constituent when the material was heated in the atmosphere rich in oxygen. 
| think we can perhaps interpret that by considering that there is a change in 
composition, and we can make such an assumption for perhaps two reasons: 

1. That just below the critical point or below the fusion temperature 
there seems, in all metals, to be an extremely high rate of diffusivity of the ele- 
ments, and we have noticed in carbon steels that below such temperatures the 
presence of oxygen seems to increase the rate of carbon diffusivity. 

2. When scaling takes place we can safely say that we reduce the amount 
of chromium; we also reduce the amount of iron, in which we are not inter- 
ested since we have an excess of iron. But tungsten is not much diminished by 
scaling. Therefore, if we assume that there is a change in composition, it is 
in the direction of losing carbon and chromium. 

When we drew the diagrams for the book, we were not aware of one cir- 
cumstance which now looks probable, and that is that our eutectic horizontal 
is not truly horizontal due to the fact that there are three or four components 
that we have not considered in high speed steel—-that it is a sloping line, and 
not only that but it is a double line. If it slopes up with increasing carbon, 
then we have an explanation for all the phenomena, a decrease in carbon making 
a lower eutectic point, causing more eutectic to form with an apparent lowering 
of the melting point, and at the same time we may agree that this constituent is 
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dark-etching because of a transient rejection of high temperature ferrit 
delta iron. 
Let me emphasize again my view that the identity of that black-etching 


constituent is a rather unimportant point relative to the other features whic} 
were brought out so clearly in Mr. Tour’s work. 


Author’s Closure 


Mr. Thum’s very able study of the paper was gratifying. I would rathe; 
leave this controversy between my interpretation of Grossmann’s and Bain’s 
book and his interpretation of the book for Grossmann and Bain themselves 
to answer. 

Irrespective of the theoretical explanation of these micrographs which | 
have shown, the fact still remains that for practical heat treating of high speed 
steel, grain growth, eutectic formation, scaling, are all dependent upon the fur 
nace atmosphere, and it is not just a simple neutral atmosphere as we ordinarily 
think of it that is required, but it is an atmosphere very high in carbon mon- 
oxide, the amount of carbon monoxide depending upon the temperature. 

Mr. Sadtler’s remarks about hydrogen water vapor, etc., are very much to 
the point. Water vapor of course is always present in combusted gas atmos 
phere. Just how much is present is very difficult to tell. When samples for gas 
analysis are taken, condensation in the sample tube always occurs. 

It is difficult to say how much hydrogen or methane is present in a com 
busted gas. Analysis of the gas at room temperature, does not show what th¢ 
gas mixture was at 2400 degrees Fahr. It cannot be analyzed at 2400 degrees 
Fahr.; what happens during cooling is not known. 

I can say that in the Hayes furnace we have used we have attempted to 
find hydrogen and methane, and have not been able to find them in these fur- 
nace atmospheres. I think that is explainable by the construction of the fur- 
nace and the rate of burning of hydrogen. As far as methane is concerned, 
we know that it is entirely unstable at 2400 degrees Fahr., and we would not 
expect to find it anyway. 

Mr. Keshian’s remarks were also very much to the point. We did not 
place thermocouples in any of the work. 

I would like to call your attention to Jominy’s work at the University of 
Michigan, published a year or so ago, on forging steels, where he found, with 
thermocouples inserted in the specimens, that self-heating was not an important 
item on plain carbon steels until you reach 2500 degrees Fahr. or higher. On 
high speed steel, which does not scale so rapidly, you would not expect self- 
heating even at 2500 degrees Fahr. However, we did not go that high. We 
only went to 2400 degrees Fahr. 

Jominy found self-heating only when he had oxygen present but we found 
rapid grain growth with carbon monoxide present. 
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DEVELOPMENT AND APPLICATION OF 
MACROETCHING 







By H. G. KESHIAN 


Abstract 










The author briefly reviews the development of etching 
iron and steel from early days to the present time. He 
points out some of the principal reasons for the unusual 
popularity as well as the adverse criticism of the method 
and refers to the general effect of macroetching on the 
quality of tool steels of today. 

Suggestions are made to more closely follow the 
recommended practice on macroetching by the American 
Society for Steel Treating and to establish graded stand- 
ards for some of the principal types of etch structures. 
A number of photographs are given illustrating this point. 











ACROETCHING has been applied to the inspection of iron 
and steel only recently; but as a potential testing method it 
antedates many other methods now in use. It was used by Reaumur 
(1683-1757), who in his work gives sketches of macro-etched pieces 









of steel, discusses macrostructure and gives directions how to dis- 
tinguish by macroetching various grades of steel. Sven Rinmann, 
before 1774, published in Sweden a book On the Etching of Iron 
and Steel which in 1774 was translated and published in Germany, 


in which he says “etching gives an easy means of distinguishing 








between various kinds of iron and steel, as far as their hardness, 
density and similar and dissimilar properties are concerned”’.' 
Macroetching was also used by Bergman in 1783. According 
to Osmond, Widmanstatten, in 1808, used acid etching to show the 
structure of meteoric iron.? Sefstrom, who carried out some tests 
with the method 










in 1825, says “for distinguishing the uniform 
texture of bar iron, this etching or corrosion with acids is a good 
method”’.* 


. G. Yatsevitch, ‘“‘The Macroexamination of Steel,’’ Army Ordnance, Vol. XI, 1931, 












Osmond, “Crystallographie du Fer,’’ Paris, 1900, p. 25. 

lernkontorets Annaler, 1825, p. 155. 

\ paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. The author is a member of the society 
and is metallurgist for the Chase Companies, Inc., Waterbury, Conn. Manu- 
script received June 20, 1932. 
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After the experiments of Sefstrém with etching until Soi 
work in 1887, nothing of importance appears to have been dot : 
this line of testing. It may be that the advent of the microscope into 
the study of metals during this period diverted the attention of the 
scientist from this subject. In 1864 Sorby in England applied the 
microscope to the study of meteoric and puddled iron and steel and 
as it is well known, in 1883, he discovered, with the microscope, 
pearlite in steel. In 1887 he presented his paper “On the Micro- 
scopical Structure of Iron and Steel,”* to the British Iron and Steel 
Institute. in which he also dealt with macroetching of iron, cemented 
steels and steels of different carbon content. He polished his samples 
roughly and etched them with ‘‘a moderately strong solution of nitric 


acid Then he made from them what he termed ‘Nature Prints.” 
He describes the procedure as follows: “In preparing the blocks 
used for nature printing, the specimens were cut type-height, one 
side made flat and roughly polished, and then sufficiently well bitten 
with moderately strong acid to enable me to print with ink as from 
a wood block.””® 

The principal object of Sorby’s paper was the study of micro- 
scopic constituents of iron and steel. Consequently it stimulated the 
furtherance of the microscopic more than the macroscopic method. 
A little later Osmond’s work in France and Marten’s in Germany, 
with the microscope, apparently had the similar effect in slowing 
down the progress of macroetching. But the appearance of a new 
factor during this time obviously brought the macroetching to the 
forefront again. This factor was the introduction of new methods 
in physical testing. 

Jetween 1860 and 1900 great changes took place in the methods 
for testing the physical properties of steel: so that Emery’s tensile 
testing machine appeared in 1875. Martel introduced his indenta- 
tion hardness tester with a falling weight in 1895, followed by 
Brinell’s hardness tester in 1900 and Shore’s in 1901. Barba’s im- 
pact test in 1900 was followed by Charpy, Izod and Fremont impact 
and Stanton’s repeated impact testers. The most significant fact 
brought out by these new testing methods was a lack of uniformity 
in the physical properties of steels otherwise uniform in chemical 
composition and heat treatment. This called the attention of the 


‘H. C. Sorby, Iron and Steel Institute, Vol. I, 1887, 
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investigators to the inadequacy of chemical composition alone to 
secure material of uniform physical properties and thus emphasized 
the important part which the structure plays in the development of 
these properties. 

This fact, as it was to be expected, tended to increase the use 
of the microscope and in the meantime created a new and larger 
interest in macroetching; but the momentum gained by the former 
method pushed aside macroetching and retarded its progress and the 
work started more than 100 years ago by Reaumur and Rinmann and 
partly revived by Sorby in 1887 and Wedding in 1889, did not gain 
much ground until the beginning of the twentieth century. 

Heyn in 1906 using copper ammonium chloride in water as an 
etching reagent gave a fresh start to macroetching. Between 1914 
and 1918 noteworthy work was done by Rosenhain and Haughton, 
Stead, Le Chatelier and Le Moine, Oberhoffer, Fry and others. All 
used copper chloride as a base with additions of hydrochloric acid, 
stannous chloride, magnesium chloride, ferric chloride and alcohol. 

The year of 1918 marks an unmistakable step in the develop- 
ment of macroetching when Humfrey presented a paper® on ‘“ Macro- 
etching and Macro-printing.”” His etching reagent consisted of a 
mixture of copper ammonium chloride and hydrochloric acid in 
water. Humfrey had used the method extensively for the inspec- 
tion of ordnance materials during the World War. His paper 
aroused great interest and the method almost instantly gained general 
approval. 

During the same year Waring and Hofammann in America pre- 
sented to the American Society for Testing Materials a paper on 
“Hot Acid Etching Rails and Forgings.’? This paper should be 
considered another distinct advance in the development of macro- 
etching for more than one reason. 

Up to this time all etching reagents used belonged to, what we 
may call weak acids, and were used cold, generally giving a shallow 
etch. The specimens to be etched required quite finely polished sur- 
face and close attention in handling. On the other hand Waring and 
Hofammann’s reagent consisted of a strong combination of nine 
parts of hydrochloric acid, three parts sulphuric acid and one part 


7. 


. Humfrey, Journal, British Iron and Steel Institute, Vol. 99, 1919, p. 273. 











l _M. Waring and K. E. Hofammann, Proceedings, American Society for Testing 
Materials, Vol. 19, IT, 1919, p. 182. 
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of water. They produced a deeply etched structure and thei 


re- 
results were excellent. From then on application of macroetching 


gained great popularity and since then almost a new branch of litera- 
ture on macroetching has developed. The industrial application 
of the method as a means of examination and inspection has been 
so wide that some of the technical societies here and abroad have 
devoted special attention to it. Among these societies may be men- 
tioned the Society of Swedish Metallographers for their ‘“Metal- 
lographers’ Handbook of Etching,’”* American Society for Testing 
Materials and American Society for Steel Treating for their rec- 
ommended practices for macroetching. 


Il. Two INTERESTING ASPECTS OF THE METHOD 


When considering the development of macroetching two peculia 
but interesting phenomena become evident. /irst—an unusual rapid- 
ity with which the method has gained general application during 
the last several years. Seccond—an intense discussion of the method, 
mostly of adverse nature by the seller, which has not been the case 
with the average testing method. 

Some of the principal reasons for the quick popularity of macro- 
etching appear to be as follows: 

(a) The relative simplicity with which macroetching can by 
made, requiring only simple equipment and easily acquired tech- 
nique for the actual routine of carrying out the test. 

(b) Many serious defects when present in steel can be revealed 
quite forcibly with macroetching. So that when macroetching 
was being given considerable attention (about 1919), there was a 
large accumulation of steel that was manufactured under abnormal 
conditions of the World War. The application of macroetching 
to these steels disclosed much poor material and thereby it enhanced 
the merits of macroetching as a valuable method of inspection 
Again, macroetching as a method for disclosing the inner defects 
of steel, is definitely wider in its scope than many other methods 
used for a similar purpose; because it reveals a panoramic view ol 
as large a section of the metal as may be desired which can be seen 
at a glance. In this respect it is vastly different from fracture and 
microscopic methods. 


*T. Berglund, ‘Metallographers’ Handbook of Etching,”’ Sir Isaac Pitman & Sons 
London. 1931. 
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Macroetching also has. the advantages of a nondestructive 
A typical example of this feature is the case where 
| piece of steel can be examined in this manner to reasonably assure 


method of test. 


‘ts freedom from serious defects before such steel is made into 
costly tools. 

The other aspect, namely, the adverse criticism to the method 
still present in some quarters, it must be admitted, cannot be ex- 
plained entirely by the seller's opposition often shown to inspection 
methods. There are, indeed, also other reasons. 

Macroetching, like other testing methods, requires certain essen- 
tial knowledge and definite procedure for its successful functioning. 
First—it must be carried out under standard conditions, as regards 
the preparation of test pieces, the etching reagent, time and tempera- 
ture of etching, etc. Second—it must be done with sufficient knowl- 
edge of the fundamental factors underlying the manufacture of iron 
Third 


thus tested must be made by necessary experience with the opera- 


and steel. the decision in accepting or rejecting the material 
tions or the mechanical conditions under which the steel is to be 
used. Unfortunately, however, the widespread use of the method 
in its early stages was so rapid that at that time there existed neither 
a standard procedure of etching nor the essential knowledge on the 
part of some who used the method. This resulted in some abuse 
which together with the usual disturbing effects of a new testing 
method created an undesirable situation. 





III. MAcRoOETCHING AT PRESENT 

The conditions surrounding this method, however, have now 
changed considerably, and it is being used extensively in this country 
and abroad by many steel mills as well as by consumers. 
result has been constructive. 


The net 
Unquestionably the standard of quality 
of tool steel of today has been raised and the macroetching has 
played no mean part in this progress. Furthermore, its effect has 
been to enrich the existing knowledge of ‘the nature of steel and has 
made the consumer more familiar with the problems of the steel 
maker in his efforts to raise the standard of quality of his product. 

The development of the method, however, is not complete yet. 
There are still certain problems to be worked out. Some of these 
will be dealt with by other contributors to this symposium, but there 
are two which, perhaps, should be considered here. 
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Fig. 2— Fig. 5—Macrograph Illustrating a Serious Segregation. Fig. 6—Macrograph Showin 
a Relatively Less Serious Segregation than Fig. 5. Fig. 7—Macrograph of an Etche 
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(A) The importance of carrying out the etch test under stand- 
ard conditions has been mentioned elsewhere; yet in spite of the 
seneral use of this method at the present time the test is frequently 
applied in a manner clearly showing absence of uniform conditions, 
both in regard to the preparation of the specimens and the time and 
temperature of etching. Inasmuch as the proper functioning of 
macroetching largely depends on these factors, it is necessary that 
the standard practice recommended by this Society be followed closer 
than it is being done now. This standard, if necessary, should be 
revised in the light of added knowledge since its publication and the 
knowledge resulting from this symposium. 

(B) One of the serious problems connected with the proper 
application of macroetching is the difficulty to classify some of the 
structures revealed by etching, as a basis for acceptance or rejection. 

When the etch test discloses serious defects the decision can 
be made, relatively easily; but where the type of structure cannot 
be so easily classified as decidedly good or bad, it becomes necessary 
to set up a series of standards showing what is acceptable and what 
is not. Among these types of structure may be mentioned porosity, 
segregation and dendritic structure. 

Some such grading of porosity may be worked out like the one 
shown in Figs. 1 to 4. Fig. 1 represents an extremely porous struc- 
ture and Fig. 2 a structure less porous and so on until we come to 
Fig. 4 which is free from porosity. Figs. 5 to 8 show varying degrees 
of segregation. Fig. 5 is an example of serious segregation, Fig. 6 
less serious, and Fig. 8 free from segregation. 

In Figs. 9 to 12 are shown the different degrees of dendritic 
structure ranging from very coarsely dendritic state to one almost 
free from visible dendrites. 

If standards of this nature are prepared for the principal types 
of steel they should prove of much value, first for allocating steels 
of particular structure to certain application, second for bringing 
about a more desirable understanding between the steel mill and the 
consumer regarding the application of macroetching, because it often 
happens that a steel mill has no way of knowing just, say, what 
degree of porosity or dendritic condition will be acceptable and what 
degree will not be, to the consumer. 

If standards such as these can be worked out and mutually 
agreed upon, many of the present difficulties arising from this source 
will surely be eliminated. 
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DISCUSSION 





Written Discussion: By Dr. H. S. Rawdon, Chief, division of metal- 
urgy, U. S, Bureau of Standards, Washington, D. C. 

The author’s resumé of the historical aspects of the macroetching method 
s of decided interest. It is the writer’s opinion, however, that such a resumé 
has considerable value in addition to the mere interest it excites. No thought- 
ful worker can help being impressed and stimulated when he considers that the 
method which he is using has stood the test of time for a century and a half, 
as is the case here. It is somewhat akin to the thrill which one experiences 
when he sees and handles the tools and materials used by a pioneer worker in 
any line, as for example, the actual specimens used by Sorby in his notable 
work in metallography. 

The uninformed reader may perhaps form the impression in reading this 
paper that the field of application of the macroetching method is a much more 
limited one than is actually the case. 

In the writer’s opinion, the author has not stressed sufficiently the practical 
application and inherent possibilities of the method aside from those which 
most closely touch his particular line of activity. The methods used by Stead, 
Fry, Rosenhain and other workers which depend on the use of an acid solution 
containing copper in some form is still of great practical importance for study- 
ing the distribution of phosphorus and other impurities as in the banding of 
steel. Other copper solutions are of very great value in the insight they give 
us as to the internal condition in strained low carbon steels. While the method 
in this particular form has not reached the stage of being employed as a routine 
test, its value in investigative work on defective and failed materials as well as 
for research purposes is undisputed. The use of macroetching for wrought 
iron, the first application, still continues to constitute one of the decisive tests 
included in all specifications for this material. Nor is the macroetching method 
confined to steel and iron. It is extensively used in the aluminum and brass 
industries. The practice of etching duralumin airplane propellers at regular 
stated intervals for evidence of incipient failures is a good example of the im- 
portance attached to the method in this industry. Numerous other examples 
might be cited to emphasize the point that the field of application of macro- 
etching is an exceedingly broad one. 

While it is recognized that the need for close control of the conditions of 
testing is not so vital as is the case in some other lines of metal testing, the 
author’s plea for standardization of conditions for macroetching has the full 
support of the writer. The very simplicity of the method may often mitigate 
against the value of the results obtained. Until one has had considerable ex- 
perience in this line of work and has a good general knowledge of the material 
with which he is working, careful consideration should be given to the details of 
its application. Especially in the case of acceptance tests of materials based 
upon the macroetching method should the details of the testing methods be 
carefully and scrupulously controlled. 

Written Discussion: By W. H. Wills, metallurgist, Ludlum Steel Co., 
Dunkirk, N. Y. 


Macroetching or deep acid etching has become increasingly important in 
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recent years as a method of testing tool and special alloy steels for internal and 
in some cases surface defects. It is applied mostly to annealed bar stock. QOur 
records over a period of almost 3 years show of the routine tests going through 
the physical laboratory 15.5 per cent are deep etch tests representing about 3 
tests per month. Of material thus tested rejections run about 5 per cent. 

It is important that the test on a given grade of steel: be carried out under 
standard conditions and the use of 1:1 HCl following the method recommended 
in the A.S.S.T. Handbook seems to be quite general. 

The basis of acceptance or rejection is indefinite in some cases except of 
course when pronounced defects show up. It is difficult to set up general 
standards of center porosity due to the variety of applications to which the 
steel is put. For instance rounds of carbon tool steel for cold header, embossing 
or drawing dies where the center is subject to wear would be subject to a higher 
standard of center porosity than flats going into blanking or open cold header 
dies. This problem can best be worked out by close co-operation of the mill 
and user. 

Mr. Keshian states that macroetching has the advantage of being a non- 
destructive method of testing. We do not think that this is generally the case. 
Testing bar stock means that a disk must be sawed, which after etching is 
scrapped unless used for micro examination or other physical tests. Pieces 
handled in the etching bath must be comparatively small and even if for instance 
an entire piece of tool steel for an intricate die were deep etched it would be 
necessary to remove material representing the maximum depth of penetration of 
the acid. 

Written Discussion: By C. C. Henning, metallurgist, Pittsburgh 
Works, Jones and Laughlin Steel Corporation, Pittsburgh. 

Mr. Keshian’s suggestion for the adoption of a standard etch test in gen- 
eral steel specifications presents the subject in a clear and logical manner. 

He has correctly made the point that the etch test is a discriminating test 
revealing another sidelight of steel not covered by other testing methods. As 
such, it will undoubtedly involve the rejection of some appreciable tonnages if 
generally applied. The first question which requires answer then, is the eco- 
nomic justification for the test. Will such a test become a greater economic 
burden to producers and consumers than the benefits that can be obtained by 
it? What are the extents of the burden and the benefits? 

Under his listing of reasons for adverse criticisms is stated—‘‘It (the etch 
test) must be done with sufficient knowledge of fundamental factors underlying 
the manufacture of iron and steel.” This is a large order and we venture the 
thought that only a minor percentage of the persons into whose hands the etch 
test would go for execution would properly qualify as having sufficient knowl- 
edge to evaluate and discriminate among the varied etch patterns presented for 


his inspection. On this basis alone, it is almost certain that a great deal of 
steel would be rejected that should amply qualify for the application involved. 

Again it is stated—“The decision in accepting or rejecting the material 
thus tested must be made by necessary experience with the operations or the 


mechanical conditions under which the steel is to be used.” This presupposes a 
detailed knowledge by the inspector, of fabricating and service conditions and 
sufficient judgment and ability to correlate the effect on these, with each detail 
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etch pattern presented. The qualifications are high and no doubt even 
‘th such high qualifications impartial decisions will be made because on 
e inspector’s part will be the natural incentive and tendency to apply gener- 
1s margins of safety in his decisions at the expense of the steel supplier. 

In our opinion the macroetch test has merit and may be justifiably re- 
sorted to: 

(1) As an acceptance test for the determination of clearly recognizable 
and nondebatable features such as seams, pipe, excessive segregation, surface 
and internal cracks, and mechanical defects. 

(2) As an informative test to be correlated with other tests, fabricating 
operations and service life for further information and development of. steel 
quality. 

Written Discussion: By James J. Curran, 1843 No. Stanley St., New 
Britain, Conn. 

Having been identified with the earliest application of deep etching, as now 
practiced, to structural and tool steels, the writer is keenly interested in the 
papers on this subject to be presented at this convention. Of these, a preprint 
of the paper by Mr. Keshian, and an abstract of the paper by Messrs. Gill and 
Johnstin have come to hand. 

3oth papers are cautionary in nature. Mr. Keshian notes that the quality 
of tool steel has improved greatly, since, and as a result of, the development of 
the deep etch, but emphasizes the necessity for strict adherence to standard 
methods, and points out difficulties in interpreting and classifying border-line 
and questionable structures encountered. Messrs. Gill and Johnstin illustrate 
the effects of different reagents, and point out the failure of the most commonly 
used reagent when applied to some special steels and to some conditions of heat 
treatment. 

It is unfortunate that to many, the warnings in these papers will take on 
undue emphasis, and tend to discredit the test. Actually, these departures from 
the normal merely go to indicate that deep etching is not a closed book, nor is 
it any more fool-proof than other methods of metallurgical investigation. It is 
a fact that it is one of the simplest tests available, and furnishes a maximum of 
information with a minimum of effort. If applied in a common-sense manner, 
with a reasonable knowledge of the methods of manufacture of steel, and the 
uses to which it is to be put, there is little reason to be apprehensive of the re- 
sults obtained. 

Standardization of all testing methods is desirable, even though it entails 
compromise. But the adoption of standards should not be permitted to stifle 
progress. The paper by Messrs. Gill and Johnstin, while an argument jor 
standardization, is at the same time conclusive proof of the need for flexibility, 
and emphasizes the need for further investigation into reagents for special steels 
and the various heat treated conditions. 

Written Discussion: By R. E. Christin, metallurgist, Columbus Bolt 
Works Company, Columbus, Ohio. 

\ consumer of tool steels, in particular, cannot avoid interest in the 
author’s paper. For omitting analyses of the steels used on tools and dies, Mr. 
Keshian must expect criticism. No technical report of tool steels could be com- 
plete without the full story of the nature of the steel. 
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On the other hand, what really counts in the selection of the proper g 
of tool steel is the result. Through experience, the author has confirmed 
stand on what method of testing is really essential in the final adoption of 

tain brands of steels which will give performance. 

In the application of 0.95 per cent carbon tool steels to cold header dies. 
the writer began in 1924 with tools which failed to give average results jp 
service. These tools when macroetched, disclosed the origin of failure to be 
defects, such as internal seams, inclusions, segregation, etc. Checking these 
defects under the microscope proved that the deep etch test (which has been 
written since as a standard procedure in the A.S.S.T. Handbook) was a quick 
and reliable method of attack to detect causes of failures, thereby eliminating 
one variable, at least. 

It is only natural that the manufacturer of tool steels would oppose the 
general use of macroetch for the basis of rejection or approval of tool steels 
to be used in expensive dies. The writer has applied this test for eight years 
and teday we must admit that the quality of tool steels for cold heading and 
trimming dies has increased to a considerable extent. Although the manufac- 
turer offered considerable opposition at first, the co-operation now being re- 
ceived is highly commendable. Any new method of inspection is questioned at 
first but gradually the demand for better steels is answered by the “man at 
the mill.” 

Mr. Keshian has shown courage to challenge the manufacturer on the lat- 
ter’s own methods for detecting defects and is to be congratulated even though 
he has omitted an essential part—the analysis of the steel. 

Written Discussion: 3y G. Lofberg, vice-president, Uddeholm Co. 
of America, New York City. 

Originally we used for porosity testing reagent a solution of 10 per cent 
sulphuric acid, at room temperature, in which the test pieces were immersed 
for a period of 24 hours. As is apparent, however, this was a very slow 
process, and furthermore did not yield uniform results. 

We therefore found it necessary to seek new reagents by extensive experi- 
mentation, and finally adopted hydrochloric acid as the most ideal. Our original 
solution had a concentration of 23 per cent, which was adapted for its particular 
stability, as it remained constant at this concentration up to and during boiling. 
Whenever we used weaker solutions the concentration increased with higher 
temperatures, whereas stronger solutions decreased, until the stability level 
around 23 per cent hydrochloric concentration was inevitably reached. 

However, we were not satisfied with the uniformity of etching obtained 
and by extended experimentations finally adopted our present standard, 
which stands as follows: Hydrochloric acid of about 14 per cent concen- 
tration at boiling point for 15 minutes. 

Preparation of samples. The steel for investigation is annealed before 
testing in case of carbon steels of 0.50 to 0.85 per cent carbon at approximately 
1380 degrees Fahr. and for carbon steels of 0.85 and higher carbon at 1400 de- 
grees Fahr. We use normally one hour for thorough heating at these temper- 
atures and comparatively rapid cooling in the furnace. From the annealed 
steel, we then cut the disks which are planed to approximately 3 inch thick- 
ness, coarse ground on one side, and washed in ether. 
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Figs. 1 to 5—Deep Etched Disks Showing Five Degrees of Excellence of Specimens. 
These Have Been Established as Standards. 
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Etching procedure. The above mentioned solution (about 14 per 


hydrochloric) is obtained by adding one part water to one part concentr 
technical hydrochloric acid, containing about 28 per cent hydrochloric, sp¢ 
gravity 1.19. 

This solution is heated in a lead container until boiling commences. The 
disks are then immersed, ground surface up. They are allowed to remain until 
the solution resumes boiling, and from this moment 15 minutes more. It is a 
strict rule that results must not be jeopardized by crowding. Thus no more 
disks are etched at any one time than can conveniently be placed on the bottom 
of the container, permitting complete exposure to the reagent of the entire sur- 
face of every disk involved. Furthermore, the etching reagent must never be 
used for more than one etching. 

Cleaning. The samples are now washed in water and then in alcohol, 
They are dried in a warm place and slightly oiled with machine oil while still 
lukewarm. 

Standards. The standards we go by are better illustrated by the attached 
five (5) photographs showing excellence as represented by standard No. 5 and 
uniformly stepped down to No. 1. For practical operation the standard is re- 
duced to three, numbers 3, 4 and 5. 

H. T. Morton:! We have been etch testing tool steels for a number of 
years. Cold header dies are probably the most important where you need a 
steel with a very good center, free from nonmetallic inclusions. On certain 
tool steels where the center is cut out, you can use a more porous center but 
such things are in the hands of the plant metallurgist. 

If there is proper co-operation between the plant metallurgist and the steel! 
metallurgist, the etch test should be no hardship on the steel company and 
should give a quality of steel that will be very satisfactory for tools. 

Similar difficulties have arisen with stainless steels. There you must 
eliminate segregates as well as various impurities in the steel. The simplest 
method seems to be a proper etch test by disk inspection of each bar. With this 
material there should also be proper co-operation between the steel metallurgist 
and the plant metallurgist. 

HaAAKON Styri:? I have read Mr. Keshian’s paper carefully and with a 
great deal of interest and would like to call your attention to some of the 
requirements for proper etching, namely: standard conditions for etch, suf- 
ficient knowledge of steel manufacture and necessary experience with operating 
conditions of the steel, and, I will add, knowledge of relation between etching 
structure and performance of steel. 

Referring to Mr. Keshian’s pictures and description, one should assume 
that the material giving the most pronounced ingot structure, for instance, 
Fig. 9, should not be satisfactory in ordinary production but I believe it justi- 
fied to ask for test data which should tell in what respects such structure gives 
poorer results than, for instance, Fig. 12. I also consider Mr. Keshian’s use 
of the word “porosity’ in describing Figs. 1-4, misleading, because he refers to 


'Metallurgist, Hoover Steel Ball Co., Ann Arbor, Mich. 


2Director of Research, S K F Industries, Philadelphia. 
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the surface condition of the disks produced in etching. A more proper name 
would be “etching pits.” If microstructures of such disks had been studied I 
think in the majority of cases the sample would be found free from porosity. 


While the great usefulness of deep etching is freely admitted, too often an 
arbitrary stand is taken, that certain etching structures show defective ma- 
terial, without any investigation of relation to production. 


To illustrate more in detail what I am aiming at I refer to some 
figures of production of cold heading dies of the type shown in section in Fig. 1. 
The die is water-hardened from 1600 degrees Fahr. in a fixture with controlled 
spray playing into the ball cavities. 

Fig. 2 shows four disks taken from dies annealed after failure with produc- 
tion as shown and the steels are from four different manufacturers. The dies 
were etched with 1:1 hot hydrochloric acid, and it will be seen that the steel 
with the best etching structure has the lowest production while the highest pro- 
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duction gives a surface pretty nearly as good. On the other hand, the die y 
gives mean value and which is representative for average die production s| 
decidedly poor etching. The disk that gave 31,400 balls etched a little be: 
Examined by the microscope this last disk showed the greatest slag cont 
while the first disk was the cleanest and the other two intermediate. 
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Disks shown in Fig. 3 were taken from bar stock from which dies with 
indicated production were made. Here the poorest structure was of the steel 
that gave the highest production whereas the die that gave very good etching 
had the lowest production. These samples are not shown to indicate that a 
steel with poor etching should be preferred to a steel with fine etching but to 
point out that it is not in general justified to condemn a steel due to segrega- 
tion or numerous etching pits, because these have little or no relation to the 
quality of the material as judged by its performance. 
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It is further of interest to point out the importance of proper procedure in 
ching in order to get comparative results. For this purpose Fig. 4 shows 
‘sks taken from the same bar adjacent to each other, surface ground and etched 
- the same time in different concentrations of acid. You will see that we can 
htain almost any character of deep etching we want by various procedure in 
tching. A standard for etching for each kind of steel must, therefore, abso- 
lutely be maintained in order to get comparative results. 

t is evidently important, to use this type of etching with the greatest 
caution except for revealing rather obvious defects, and only when production 
data very definitely show certain structures developed in etching to give poor 
results in production should it be used as acceptance test. 


G. J. Comstock :* I would like to say that it seems to me that in the deep 




























acid etch we have gotten hold of tests which we cannot give up. Even here in 
our own society we are not entirely in accord on it, but | think we will agree 
that it has its merits. 

There are other uses that have been brought out for the deep acid etch, or 
modifications of it, than those which have been discussed, such as illustrating 
the hardening of steel by selective etch of hardening sections. 

| think that Mr. Luerssen’s paper and Mr. Gill’s paper have brought the 
fact out that the steel maker has taken up a test which at first seemed unfair 
because of this matter of interpretation, and is attempting to use it not only to 
make better steel for the customer but also to improve the separate operations 
of his manufacturing program. 

[ do not think that we can atford to discount the macroetch. I do think 
that if we have such excellent work on it as was demonstrated by Mr. Yatse 
vitch’s paper, as time goes on we will learn more about the deep acid etch test, 
and we will all profit from it whether we are manufacturers or consumers. 

There is a committee of this society which has been working on the deep 
acid etch, and has evolved a method of acid mixtures which, I am glad to see, 
is meeting with some application. It seems to me, however, that even this ses- 
sion brought out the point (from Yatsevitch’s curves and also from work done 
by Gill and Luerssen) that a single acid mixture or a single time is not going 
to cover the ground as we had hoped. 


Author’s Closure 








Dr. Rawdon seems to think that the paper may impress the uninformed 
reader that the field of application of macroetching is a limited one. But with- 
the last several years this subject has been so extensively discussed that no 
detailed account of its application was again considered necessary. However, 
even then, the reader need not think that the macroetching has only a limited 
held; because, in addition to a long list of references at the end of the paper, 
the wide application of the method both abroad and in this country has been 
specially referred to in the first paragraph of page 292. 









lt is true that the subject of macroetching has been treated in the paper 
largely from the standpoint of its application to iron and steel, but this is not 
due to any unfamiliarity of the writer with its application to other fields, but due 








‘Director of Research, Firth-Stérling Steel Co., McKeesport, Pa 
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Be 


to the fact that it is in the iron and steel industry that the method has ga 
its present importance and also it is in this field that the method is being used 
on a more commercial scale than in any other field. 

Etching reagents containing copper have certainly their place of applica- 
tion in macroetching, and they should not be considered as superseded by other 
acids; but their use is confined to particular fields as Dr. Rawdon mentions 
Furthermore, they lack the general utility and the convenience of application 
with other etching reagents, such as hydrochloric acid, have. 

When a steel mill furnishes to its clients material subject to etch test with- 
out knowing in advance just the type of etch structure that would be accept- 
able, this at times results in complaints or rejection of the material. As an aid 
to overcome this difficulty it was suggested in the paper that a series of etch 
structures might be worked out as standard and agreed upon between the tw 
parties. 

Mr. Wills referring to that thinks that it is difficult to set up general stand- 
ards for center porosity due to the variety of applications to which the steel js 
put, but it seems to me that that is one of the reasons that make such standards 
necessary from which can be picked out the structure best suited for a given 
operation. 

Considering Mr. Wills’ own example of close and open dies for cold head- 
ing work, if he knew that his client was going to use the steel for close heading 
die he would have furnished him bars with dense centers, but how can he be 
sure that what he considers sufficiently dense would also be considered suf- 
ficiently dense by the customer, without having agreed upon certain types of 
structures? A good way of making sure that he and his client are speaking the 
same language would be to prepare a series of such standards and refer to them 
for the degree of density desired. 

l agree with Mr. Henning that now and then good material may be un- 
necessarily rejected by deep etching in the hands of unqualified persons; but is 
not the same true about other tests? At times a limited number of, say, tensile 
tests are considered sufficient to accept or reject a large lot of material and if 
rejected, very often much of the good material is also rejected in this way. 
Again, now and then we see the rejection of perfectly sound material because 
of the slight variation in chemical composition and without any direct evidence 
as to the adverse effect of this variation on the physical properties of the ma- 
terial in service. In any testing method used for acceptance this danger to 
reject satisfactory material is always present. In fact, even more severe 
criticism has been made recently of the general technical methods used in the 
sale and purchase of steei,* but I am glad that Mr. Henning in the meantime 
concedes the merit of deep etching and the sphere of application which he as- 
signs to deep etching in his closing sentence is well taken, at least at the present 
time. 

Mr. Curran considers my treatment of the subject somewhat cautionar) 
and therefore rather a deterrent to the progress of the method. Where the etch 
structures, other than those which show obvious defects, are concerned, I still 
feel that the interpretation of such structures is not as simple as the mere 





*H. W. Graham, ‘“‘A Modern Conception of Steel Quality,’ a paper presented to 


American Iron and Steel Institute, 1932. 
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ess of making the test itself. When we consider the number of persons 
using the method without sufficient knowledge of the fundamentals of steel 

etallurgy, I believe Mr. Curran will agree with me that my attitude in sug 
oesting a certain amount of care is justified and beneficial. 

Mr. Christin’s discussion brings forth another fine example of the prac- 
tical usefulness of macroetching and I am indebted to him for his contribu- 
ion, but I am sorry to have disappointed him by not including in the paper the 
chemical compositions of tool steels—to do that would have been outside the 
scope of the paper. 

Mr. Lofberg’s description of macroetching as practiced at the Hagfors 
Works of the Uddeholm Company is very interesting and is very much appre- 
ciated. It is to be noted that their series of experiments led them to the adop- 
tion of 1:1 hydrochloric acid which is the same reagent recommended by this 
society. Their porosity standard as illustrated by the photographs is surely 
another step towards a better and more intelligent use of the method. 

Mr. Morton's confirmation of the merit of deep etching as applied to test- 
ing steel for cold heading dies is very gratifying and it is hoped that he will 
some day give us the results of his experiences with steels of various degrees 
of porosity as affecting the performance of cold heading dies and punches. 


“ce 


Dr. Styri prefers the term “etching pits” to “porosity.” The word 
“porosity” in connection with macroetching now is generally used to denote a 
roughened or a non-dense structure. Whether the term “etch pit” can convey 
this idea better than the term “porosity,” will perhaps be decided again by 
usage. Dr. Styri’s test with steels with dense and segregated centers for 
header dies is interesting, but not quite convincing; because from his Fig. 2 it 
will be noted that contrary to his statement, steel with the best etching struc- 
ture gave the highest production. Furthermore, his figures do not represent an 
average of a sufficient number of dies which is particularly necessary in cold 
heading die test. Neither has he stated the chemical compositions of the steels 
he has used, the hardness of each die, etc. Therefore, it is to be hoped that 
Dr. Styri will some day make further tests with greater detail and then per- 
haps his conclusions will be more convincing. Even then, however, | doubt 
very much that he will advocate making steels with segregated centers. 





































ESSENTIAL FACTORS IN CONDUCTING THE MACRO. 
ETCHING TEST UNDER USUAL PRACTICAL 
CONDITIONS OF PRODUCTION WORK 


By MiIcHAEL G. YATSEVITCH 


Abstract 





This paper contains a general discussion and certain 
data of special experiments leading to the establishment 
of a standard practice for the macroetching test con 
venient for usual industrial conditions. The principal 
factors affecting the results of such a test are considered, 
and several etching reagents are studied comparatively. 
One etching reagent, surface finish of test specimens, etch 
ing time, and temperature are particularly considered from 
the point of view of standardization. General directions 
for carrying out the test on the lines of the accepted pra 
tice at the Watertown Arsenal are given. Helpful sug 
gestions regarding the cleaning of tarnished and rusty 
macroetched specimens are offered, and a satisfactory 
and more delicate macroetching method with the use of 
citrates or citric acid is suggested. 


oo. a considerable time a series of investigations in connection 
with the macroetching method of examination of steel has been 
conducted at the laboratories of the Watertown Arsenal, the prin- 
cipal purpose being its application to the production and inspection 
of ordnance material. . Among the most important questions naturall) 
appeared the question of selecting a standard reagent, suitable for 
general work, and a simple, practical, and uniform method of its 
use in carrying out the macroetching test for the various steels re- 
quired for ordnance purposes. 

In general it can be said that a macroetching test consists essen- 
tially in determining the extent and character of the nonhomogeneity 
of a given piece of metal. This nonhomogeneity has its cause in 
the chemical composition and in the conditions and character oi 
the treatment to which the metal was subjected, and is reflected in 
the metallographic structure. It is revealed only because of the 







difference in the chemical relations between the various structural! 

A paper presented before the Fourteenth Annual Convention of the societ) 
held in Buffalo, October 3 to 7, 1932. The author, a member of the society, 's 
metallurgist, Watertown Arsenal, Watertown, Mass. Manuscript received 
August 22, 1932. 
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elements composing the metal and the selected macroetching reagent. 


Therefore many factors bearing on this chemical action will deter- 
mine the results. 


PRINCIPAL Factors AFFECTING MACROETCHING 


According to present knowledge, the principal factors affecting 
the results of the action of macroetching reagents may be classified 


as fi yllows: 


1. Factors pertaining to the steel specimen itself 
Factors connected with the etching reagent 


) 
? 
J. 


Factors representing the conditions under which the 

action of the reagent on the specimen is carried out. 

Factors of the first group are: 

(a) The chemical composition of the steel 

(b) Its condition affecting the metallographic compo 
sition (such as cast or forged condition, character 
of previous heat treatment, previous cold or hot 
working of the metal, etc. ) 

(c) The condition of the surface to be macrvoetched. 


Factors connected with the etching reagent itself depend on the 
nature and concentration. 

Factors representing the condition of the action of the reagent 
on the specimen are: 


(a) The duration of the action: “etching time” 

(b) The temperature at which the action takes place 

(c) The quantity of the reagent as related to the size of the 
test piece 

(d) Conditions of action not mentioned above, such as 
stirring of the reagent, rotation of the specimen in 
it, etc. 


Evidently in order to establish a more correct method of judg- 
ing steel by the macroetching effect produced on them by a certain 
reagent, it is essential to determine the influence and relative 1m- 
portance of each of the above factors. An effort to achieve this 
aim in a simple experimental way with regard to a reagent which 
seemed to be most suitable for the conditions of every-day practice 
was made in the investigation described in the following pages. 
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STEELS SELECTED FOR THE EXPERIMENTS 


The steels selected covered by their composition the range of 
forgings and centrifugal castings usual for ordnance work. The 
test slabs and disks were cut from actually manufactured pieces, and 
then sectionalized so as to be conveniently used for comparative 
etching experiments. The preceding treatment of the pieces had to 
be taken into consideration, as it is well established that other con- 
ditions being equal, steels taken as cast respond to macroetching 
more easily than steels in a forged condition; cold working and 
annealing facilitate macroetching, and the finishing temperature of 
forging and the subsequent mode of cooling show their effect as 
well. This is sufficient to make one realize that unless it is spe- 
cifically desirable to apply macroetching methods to steels in the 
very condition in which they are submitted, it is essential for cor- 
rect comparative judgment to bring them preliminarily to the same 
normalized state. In Table I are shown the chemical composi- 
tion, condition with reference to treatment, etc., of the specimens 
used in the experiment. Carbon, nickel, and molybdenum steels 
covering the usual ordnance and commercial compositions were also 
tested during this work, and in connection with the work of the 
American Society for Steel Treating sub-committee on macroetch- 
ing, which included all steels of the Society of Automotive Engi- 
neers’ specifications, and also tool steels and stainless steels and irons 

The data obtained on the above steels as test-pieces were sys- 
tematically applied in the current macroetching work of the Water- 
town Arsenal to various steels, and the results were thus checked 
repeatedly as far as practical use is concerned. The photomacro- 
graphs shown later prove the usefulness of the macroetching method 
developed in this way. 


REAGENT 


In order to select the most serviceable etching reagent it 1s 
necessary to consider the practical conditions of its application, and 
they dictate the following requirements: 


1. The reagent must give good all round results, and be appli- 
cable to the majority of cases under the usual conditions of industrial 
work, revealing the greatest possible variety of structural character- 
istics and irregularities. 
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Table | 
Chemical Composition of Steels Selected for Experiments 






Brinell 


Hardness 







Bias Composition Out 
Cc Mn Si S P Mo V Ni Cr Remarks side Bore 
0.42 0.50 0.25 0.029 0.025 ures oe a etiaia eo As Cast 140 159 
Not heat 





treated, 










The same 156 207 
as N QO, l 
but after 
heat treat 
ment. 























Seamless 
tube heat 
treated 





0.030 As Cast 


Not heat 
treated. 





0.29 1.19 0.27 0.026 0.032 0.30 Seam oad sae weeping. 197 380i 
Heat treat 
ed. 





6 0.30 0.54 0.139 0.021 0.014 0.41 0.155 ewe wie k's Forging. 197 187 
Heat treat 

ed. 
7 0.41 0.56 0.186 0.022 0.010 Shane A ae 3.05 Pea’ Forging. 217 217 
Heat treat 


ed. 



























8 6.38. 6.71 .0.24 0.031 0.038 ere nae ce ae se Forging. 207 207 
Heat treat 
ed . 


2. The reagent must be simple in its composition, easily pre- 
pared, and inexpensive for mass production work. 

3. The reagent must not change its composition on standing, if 
kept in readiness in stock, and must be as stable as possible under the 
conditions of using. 

4. The application of the reagent and all the operations con- 
nected with its use must be simple and easy to perform by a person 
without much previous experience. 

5. The reagent and conditions of its use must not be injurious 
or unpleasant for persons executing the work. 

In view of the great number and variety of reagents offered for 
macroetching purposes, it was decided to examine and compare them, 
bearing in mind the above points. Such a review brought forward 
reagents made up of such ordinary substances as hydrochloric and 
sulphuric acids. There are several very old recipes for etching solu- 
tions comprising both of these acids and water in different propor- 
tions, and several recipes prescribing the use of definite concentrations 
of one acid. It appeared to be practical to try out such solutions first, 
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and in case of the possibility of better results, to work out a ney 
composition. 

Experiments with sulphuric acid alone gave unsatisfactory re- 
sults, and there were left for consideration water solutions of hydro- 
chloric acid, and mixed solutions of this acid and sulphuric acid. 

Numerous recommended compositions of such solutions can be 
found in use and in the literature. Ordinarily such compositions are 
expressed in the number of volume units of the liquids to be mixed, 
from which it is impossible to judge the relative effect of each of the 
acids used. Though, in general, the action of these mixtures on al- 


loys of such a very complicated structure and nature as present day 


steels is extremely difficult to bring down to a few chemical formulas, 
nevertheless some generalization appeared very desirable. In order 
to facilitate this, it was thought better to abandon the old way of 
expressing the proportions of the reagents in figures not related to 
the usual practice in the expression of concentrations. The propor- 
tions were recalculated as concentrations per 100 parts of solution by 
volume, sulphuric acid being taken of “reagent grade” (Sp. Gr. 1.84, 
66° Be, 94% H,SO,), the same being done with hydrochloric acid 
(Sp. Gr. 1.19, 23° Be, 36-37% HCl). After rounding the figures, it 
appeared that the following proportions might serve well as repre- 
sentative macroetching solutions of this type: 

A—Hydrochloric acid 70 parts—Sulphuric acid 23 parts—Water 7 parts. 

B—Hydrochloric acid 50 parts—Sulphuric acid 0 parts—Water 50 parts. 

C—Hydrochloric acid 38 parts—Sulphuric acid 12 parts—Water 50 parts. 

D—Hydrochloric acid 10 parts—Sulphuric acid 30 parts—Water 60 parts 

EK—Hydrochloric acid 25 parts—Sulphuric acid 10 parts—Water 65 parts 

The first solution, A, is in fact a mixture of the type of Waring’s 
solution, formerly used at Watertown Arsenal with great success. 
The objections to its use lie in the extremely unpleasant and danger- 
ous handling of such a strong solution, particularly as the etching 
has to be carried out at boiling temperature. The undesirability oi 
such a reagent for regular work, and when much etching work is t 
be done, is evident. 

The second solution, B, is the reagent at present tentatively rec- 
ommended by the committee of macroetching of the American 5So- 
ciety for Steel Treating (see “Tentative recommended practice for 
a standard macro etch test for iron and steel”). This is also a re- 
agent of long standing repute, simple in its application, rational in 
composition, and without any particularly objectionable feature of 
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handling. For regular work, especially work connected with produc- 
tion, it presents a very convenient tool. The absence of sulphuric 
acid in the composition partly detracts certain very good characteris- 
tics from the results, of which the principal ones are a particular 
clearness of pattern, a nice fresh coloration of the metal, and con- 
siderable stability of the well-washed and dried macroetched surface 
against rust. The results obtained by the next solution, C, compare 
favorably with those given by solution B in all these particulars. 

The third solution, C, was developed during the investigation. 
It belongs to the type of comparatively weak acid solutions, and re- 
tains the delicate part of the action of both hydrochloric and sulphuric 
acids. The necessary temperature conditions are easily maintained, 
and the concentration of the solution is not subject to change during 
the test beyond the effect of errors and inexactitudes of the macro- 
etching method as a whole. 

The fourth solution, D, is remarkable for the predominance of 
sulphuric acid in its composition. It also belongs to an old type of 
reagent, and it is mentioned in the standard of the American Society 
for Testing Materials. The action of the reagent is very much like 
the action of sulphuric acid alone in corresponding concentrations, 
and leaves very much to be desired. In order to see whether a de- 
crease of the concentration of the acids together with a reverse change 
in their proportion would bring better results, solution E was tried. 
Sometimes reagents of this type are recommended, but apparently 
without sufficient preliminary systematic comparative study. This 
investigation has shown considerable disadvantages in their use. 

One of the advantages of using solutions of hydrochloric acid 
containing about 20 per cent HCl by weight lies in the fact that on 
boiling or heating nearly to the boiling point such solutions do not 
change materially their concentration with regard to HCl as a 20.2 
per cent HCI solution has a constant boiling point (110 degrees Cent. 
at 760 mm.) and distills as such. 

The introduction of sulphuric acid in solution C with a volume 
ratio of 38-12-50 hydrochloric acid—sulphuric acid—water, does not 
bring much change in this respect. Direct experiments have proved 
that boiling 500 cubic centimeters of such a solution for 30 minutes 
in a 1000 cubic centimeter beaker increases its acidity far less than 
3.5 per cent; this means that under usual macroetching conditions 
only a slight change in the action of this acid reagent may be ex- 
pected, which may be neglected for practical macroetching. 
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The usual loss through vaporization of that reagent duri: 
ordinary macroetching operation is about 10 per cent by volume: 
naturally this loss depends on the area of vaporization, i.e., on th 
shape of the dish in which the etching is performed. 

The experiments were carried out with hydrochloric and syl- 
phuric acids of “‘reagent grade’”’ which has a low content of impur- 
ities. As there is no necessity to use this comparatively expensiy 
grade of acids in regular routine macroetching work, ordinary acids, 
existing in the chemical trade under the name of “technical grade” 
acids, could be used with the same success, provided that the acids are 
supplied by a reputable chemical trading firm, which may serve as a 
guarantee that the acids comply with the usual standards regarding 
impurities. 

In the trade there are three principal “technical grades” of hy- 
drochloric acid: 


18° Baumé, sp. gr. about 1.14, containing approx. 28% HCl by weight. 
20° Baume, sp. gr. about 1.16, containing approx. 33% HCl by weight. 
»>° 

Z 


22° Baumeé, sp. gr. about 1.18, containing approx. 35% HCl by weight. 










Chemically pure, ‘reagent grade’’ hydrochloric acid has usually 


the following characteristics : 





















23° Baumé, sp. gr. about 1.19, containing approx. 36-37% HCl by weight. 





[f the composition of the etching reagent is expressed by vol- 
ume ratio: 38-12-50 of hydrochloric acid, sulphuric acid, and water 
for the “reagent grade” acids, the corresponding composition in the 
case of the above mentioned technical grades of hydrochloric acid 
will evidently be: 


49 - 12 - 30 for the acid of 18° Baume 
42 - 12 - 46 for the acid of 20° Baumé 
39 - 12 - 49 for the acid of 22° Baumé 


As for the quantity of sulphuric acid, if the ordinary ‘technical 
grade 66 acid” is used, there is no need to introduce any correction 
as this so-called “technical 66 acid” has a specific gravity of 1.83, or 
66° Baumé, and contains about 93.2 per cent of H,SO,, while the 
characteristics of the “reagent grade” acid are: Sp. gr. 1.84 or 65.9 
Baumé and 94 per cent content of H,SO,, the difference being quite 
negligible for the purpose. 
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In order to simplify the practice, the following proportions by 
volume were tried as a substitute for reagent C: 
Hydrochloric acid, sp. gr. 1.14 - 50 parts 


Sulphuric acid, sp. gr. 1.83 - 10 parts 
Water, - 40 parts 









Hydrochloric acid, sp. gr. 1.18 - 40 parts 
Sulphuric acid, sp. gr. 1.83 - 10 parts 
Water, - 50 parts 









The results of etching with a reagent of such compositions did 
not, for all practical purposes, differ much from those obtained by 
using the more exact proportions. 

In general it is a simple chemical problem to calculate the proper 
proportions of water and the acids if the latter are available only 
in some odd concentrations. The best method of preparing the 
reagent mixtures is to measure the three liquids (water and the 
acids) separately in separate dishes in the usual way, and then mix 
them together, first adding the sulphuric acid to the water very 
gradually in order to avoid heating of the solution, and then, when 
the solution is cool, carefully adding to it the measured quantity 
of hydrochloric acid. 

Reagents A, B, C, D, and E prepared as described above, were 
subjected further to a series of comparative tests in order to deter- 
mine their relation to various factors affecting the success of the 
macroetching test, and to ascertain their relative suitability as a 
“standard reagent” when used under every day production conditions. 

One of the first comparative tests was to determine for these 
reagents their relative macroetching effectiveness, in other words the 
extent of relative chemical action, which may be measured by the 
amount of substance of a selected metal specimen “eaten out” or “‘dis- 
solved” under certain definite conditions of the experiment. After 
all, it is the chemical action taking place between the reagent and the 
test piece (on its surface), which constitutes the ultimate cause of 
the appearance of the macroetching pattern. It is quite natural to 
measure the amount by the loss in weight of the specimen calculated 
for a unit of its surface (1 sq. in. or 1 sq. cm.). Such a determina- 
tion of loss in weight was made for specimens of each of the eight 
steels shown in Table I in each of solutions A, B, C, D, and E. All 
the specimens were macroetched under the same conditions of time 
(30 min.), temperature 200 degrees Fahr. (95 degrees Cent.), rela- 

















Steel 


] 


Comparison 


A 
70-23-7 


(W.A.) 


Maximum loss 
in weight as 
compared with 
the other solu 
tions. Satisfac 
tory but not so 
rich in details 
as 1C. 


Maximum loss 
in weight as 
compared with 
the other solu- 
tions. Satisfac 
tory but not so 
rich in details 
as 2C. 
Maximum loss 
in weight as 
compared with 
the other solu 
tions. Over- 
etched; details 
disappeared. 


Maximum loss 
in weight as 
compared with 
the other solu- 
tions. Good 
etch. Nice clean 
surface. 
Maximum loss 
in weight as 
compared with 
the other solu 
tions. Over- 
etched. 


Maximum loss 
in weight as 
compared with 
the other solu- 
tions. Not dis 
tinct etch. 


Maximum loss 
in weight as 
compared with 
the other solu 
tions. Even 
etching; but not 
enough contrast 
in affecting den- 
drites and other 
components. 


Maximum loss 
in weight as 
compared with 
the other solu- 
tions. Over- 
etched. 


B 
50-0-50 
(S.3.T.) 
Over-etched. 
No satisfactory 

details. 


Over-etched, 
details disap- 
peared. 


More over- 
etched than 3A. 


Over-etched, 
too much con- 
trast. 


devel- 
satisfac- 


Details 
oped 
torily. 


Details 
oped 
torily. 


devel- 
satisfac- 


Over-etched, 
fine details dis- 
appeared. 


Over-etched. 


TRANSACTIONS OF 


Table Il! 


(New 


Good, contrast 
etch, very fine 
details and va- 
riety of them. 
Very suitable 
for photograph- 
ing. 


Good contrast 
etch, with fine 
details and va- 
riety of them. 
Very suitable 
for photograph- 
ing. 


Over-etched, 
but not so bad 
as 3B or 3D. 


Good etch, del 
icate details 
preserved, seg- 
regations shown 
well. Good for 
photographing. 


Minimum loss 
of weight. De- 
tails developed 
satisfactorily. 


Details 
oped 
torily. 


devel 
satisiac- 


Minimum loss 
of weight. Not 
sufficient etch- 
ing, without 
enough con- 
trast. 


Good even etch- 
ing, very suit- 
able for photo- 
graphing. Fine 
details of den- 
dritic structure 
well preserved. 
Nice, clean, 
bright surface 
all over. 


[Me 4. 3.5. 


of Etching Effect of Reagents A, B, C, D and 


D 
10-30-60 
(S.T.M.) 


Etch may be 
regarded as 
gsatiestac- 
tory, but sur 
face dark, 
without such a 
good contrast 
as 1C. 


Fine details, 
but no con 
trast. 


Minimum loss 
of weight. 
Over-etched, 
but not so 
much as 3A or 
IC. 


Good etch, 
with some con 
trast, but dark 
er color than 
4c, 


Not clean ap 
pearance, dark 
er colors all 
over. 


Not clear ap- 
pearance, dark- 
er color all 
over. 


Less. sufficient 
etching than 
7C, no details. 


Minimum loss 
of weight, good 
etching, though 
not so full of 
details as 8C. 


Minimum 
of wei 
Bright, but 
Cont zg 
enough. 
parently 
ent constitu 
ents are 
ly rap 
eaten out 
Minimum 
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tive quantity of the reagent, and preparation of the surface, which 
suited the average practice in carrying out usual tests. The total sur- 





face of each of the specimens was measured, their weights before 





and after macroetching were determined, and the loss per unit of 





surface was calculated. All the data obtained in this way, together 





with the observations regarding the macroetching effect produced, are 






tabulated in Table IJ. The losses per square inch of surface are 






presented graphically in Fig. 1. 






It is evident from these results that the loss of weight per square 





inch of all the steels is considerably smaller in reagent C than in 
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Fig. 1—Graph Showing Loss of Weight in 
Grams_per Square Inch for Various Steels (see 
Table I) in Etching Solutions A, B, C, D, and E. 


















reagent A, it is markedly smaller in C than in B, and for steels 8, 3, 
7, and 5 still smaller; but for steels 1, 2, 4, and 6 larger in C than in 
E; in the case of reagent D, the loss for all steels excepting 2 and 5, 
is below that of reagent C (see Fig. 1). Apparently, all other condi- 
tions being equal, for the rather weak concentrations selected, an in- 
crease in the relative concentration of sulphuric acid diminishes the 
loss in weight of the metal. It was thought that this fact is of im- 
portance from the point of view of overetching, and also psychologi- 
cally, in avoiding the usual objections of too drastic treatment in 
macroetching methods. This fact was also made use of in working 
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out the proportions of the acids for the new solution C. The a 
of reagent A, remarkable for its very strong etching effect, is 
ferent from a chemical point of view, as it is mostly due to the et 
of concentrated acids under high temperature. It is evident tha 
two macroetching reagents, giving equally good pictures with the 
same fullness of detail, the one having a less corrosive and more 
delicate action is preferable. Solution C presented great interest in 


this respect, and experiments described later confirmed its superiority 


over other tested solutions. For the majority of steels it produced the 
most delicate details in pattern, gave a better, brighter, and cleaner 
surface, more stable with regard to tarnishing (oxidation), provided 
the specimens were well washed and dried after macroetching. That 
solution is easy, not unpleasant, and not dangerous to handle, is suf- 
ficiently little sensitive in its effect to variations in temperature and 
etching time, and is stable enough in its relative concentration oj 
separate ingredients on being heated and in storage. All these facts 
are of great importance in practical work. 


PREPARATION OF SPECIMENS: [THEIR SIZE, SHAPE, AND SURFACE 


The size, shape, and finish of the surface of the specimen selected 
for macroetching are of importance. Large heavy pieces are difficult 
and troublesome to handle in acid solutions, pieces that are too long 
and narrow require containers of an unusual shape, and an unneces- 
sary excess of reagent. Usually thin disks and slabs are the most 
convenient for handling, if their dimensions do not much exceed 
10x10x% inches. It must be remembered that often one extra saw 
cut, judiciously made, leads to better results in etching, and to con- 
siderable economy in time and materials. 

In general, selection of the method and directions for section- 
alizing of a piece of metal to be subjected to metallographic investiga- 
tion must be made with proper consideration of the aim of the test. 
Often this condition is disregarded, and the results of the tests, if not 
quite lost, do not yield fully all possible information. 

With regard to the surface on which the macroetching pattern 
has to be revealed, it is essential to have it of such good finish that 
after sufficient action of the reagent, it would not show any traces of 
tool marks, which interfere with the regularities of the picture pro- 
duced by etching. Such marks can seriously mask some delicate but 
important details, and make the proper interpretation of, the results 
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impossible. On the other hand, in order to make the etching most 
useful for production work, preparation of the surface has to take the 
possible minimum of time and labor. While for very drastic and 
very deep etching a surface with a very coarse finish can be satis- 
factory, for delicate etching, where fine details are desirable and 
small variations in the time of etching are considered important, the 
finish of the surface must be accordingly fine enough. 

Special experiments made in this investigation proved definitely 
that for macroetching with the reagents described above, polished 
surfaces are not necessary ; at the same time, the surface produced by 
cutting with a hack-saw, even a very fine one, is not desirable, as the 
cut marks often appear on the etched surface, distorting the pattern. 
Though in such cases a very experienced observer may avoid errors 
in judgment of the metal, it is in the interests of proper inspection to 
use a better surface finish. This could be accomplished by filing the 
cut surface with a fine file, and by finishing it with emery paper No. 
0 or No. OO. Very constant and extremely satisfactory results, how- 
ever, have been achieved by using surfaces prepared by grinding on 
surface grinders with Norton grinding wheels of “38 Alundum”’ or 
“19 Alundum” brand of soft or medium grades, and of 80 or 90 
grain size. For instance, a wheel of usual Norton designation 
“3880-],” always gave excellent results. It is of importance to insist 
on small feeds (within 1/500”-1/1000”) during the grinding opera- 
tion in order to avoid “burning” of the metal, the effect of which, if 
deep enough, shows itself after etching by an appearance of a series 
of dark parallel stripes on the surface, due to a local structural trans- 
formation in the metal: The danger of burning is easily avoided 
without any loss of time by a little more attention to the work. 

In order to speed up the work of grinding larger pieces (up to 
16” in diameter), a grinding machine with grinding disks having 
horizontal axes was tried and used at the Watertown Arsenal. It was 
a usual No. 6—26” Gardner disk grinder, manufactured by the Gard- 
ner Machine Co., Beloit, Wis., with a corrugated disk of 26” diam- 
eter, and a speed of rotation of about 1200 revolutions per minute. 
An exact specification of the disk is the following: No. 167, grade 
2x deep corrugated 26x6x3% G. I. A. disk. The corrugations play an 
important part in effecting the cooling of the surface of the metal, 
and preventing “surface burning,” which may be the cause of serious 
errors in the interpretation of macroetchings and Baumann prints. 
The piece of metal to be ground is gripped in a special holder 
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mounted opposite the disk, and is pressed by a lever to its surface 
The lever is designed so that the location of the face of the piece cay 
be constantly changed relative to the position of the center of the 
grinding disk by simple movements of the lever. The results obtained 
were satisfactory in general, though altogether the machine is some 
what clumsy, and requires too much attention on the part of the 
operator. The time usually required for grinding one disk of 8 to 10 


inch in diameter varies between one half and one hour, depending 


on the roughness of the surface obtained by the rough saw. For 
better work, and for pieces of smaller size, the surface grinders oj 
Brown and Sharpe type are, no doubt, preferable. 

Altogether, from a practical point of view, preparation of th 
surface for macroetching by surface grinding, as indicated above, 
appears to be by far the most suitable method, which is easily car- 
ried out in any workshop or even in an up-to-date metallurgical 
laboratory, since small surface grinders are a very useful and ever 
necessary part of laboratory equipment, where they prevent loss oi 
time, and add to the perfection of metallographic work. 

The characteristic appearance of the ground surface of unetched 
specimens regarded as having a satisfactory finish for the macro- 
etching operation is shown in Fig. 2; the direction of the light was 
purposely so arranged as to make the tool marks well noticeable. 

The surface of a specimen to be macroetched has also to be con- 
sidered in connection with the quantity of the reagent required for a 
test. It really determines the amount of reagent necessary for th 
macroetching action itself, the total mass of the specimen having n 
direct bearing in this respect, though the shape is of importance. [1 
general it is simple to calculate on the amount of acid reagent required 
for the macroetching action proper, but a certain excess of reagent 
is necessary to produce the effect. This excess can be determined 
only by experiment, and such experimental data are offered 
reagent C (HCI conc.: H,SO, cone.: H,O = 38:12:50 parts by 
volume) in Table III. This Table may help avoid reagent waste, but is 
not always applicable. The shape of the dish in which the etching 1s 
done, or the shape of the piece may sometimes be such that a larger 
quantity of the reagent than given in the table may be required to 
cover the piece completely with the liquid. In such cases an addi 
tional quantity of the reagent is necessary because all of the piece 
must be well under the surface in order to prevent uneven etching. 

The use of a partly spent etching reagent over again is to be 
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Fig. 2—Typical Appearance of a Surface Properly Prepared for Macro 
etching by Grinding. The Light is Directed so as to Show Tool Marks. Car 
bon Steel, Partly Tarnished. 


avoided if certain and good results are desired. The low cost of the 
technical grade acids makes any possible economy in this respect 
insignificant. 
ETCHING TIME 

The etching time or duration of action of the acid reagent on 
the specimen is one of the most important factors in macroetching. 
In general, all other conditions being equal, the longer the etching 
time, the stronger the effect of macroetching; if the etching time is 
insufficient, the picture obtained on the specimen may be incomplete, 
the structure of the piece with many important details not sufficiently 
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Table Iil 


Practical Table for Determination of Quantity of Reagent, 
Required for Macroetching 


Surface of ‘ : 6 7 8 
the speci- 

men in sq. 

inch. 


Volume of 

Reagent in 

cubic cent. 

Surface of 

the speci 

men in sq. 

inch. 

Volume ot 5 829 c 1000 1090 1200 
Reagent in 

cubic cent. 

Surface of 85 § 100 130 140 5 160 
the speci- 

men in sq. 

inch. 

Volume of 1400 1500 1600 1850 1900 2000 
Reagent in 

cubic cent. 


outlined, and conclusions regarding the quality of the metal will be 
incorrect. On the other hand, if the etching time is too long, the 
appearance of the metal to an inexperienced observer may suggest a 
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Fig. 3—Graph Showing the Influence of Time 
on Loss of Weight for Different Steels. 


metal much worse than it is in reality. As the action of the etching 
reagent consists in the first place in “eating out” or dissolving in 
the acids those constituents which are more easily attacked by the 
reagent, their location will be marked by hollow spaces, cavities, and 
holes; in the beginning of the etching process such places usually 
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show themselves as fine spots, but with time their dimensions grow 


far beyond the real size of these components, which are present as 
nonmetallic inclusions, sulphides, phosphides, etc., and which con- 
stitute the undesirable parts of the metal. Sometimes it is possible 
that after a too prolonged etching, the macroetched surface shows 
4 better metal than does a short etching. This is because the first 
sharp outlines of easily attacked regions, which always gives an un- 
pleasant impression of abrupt discontinuity, lose their definite ap- 
pearance with time; the metal, yielding to the action of the acids less 
quickly, is attacked, the sharp edges of its dendrites become rounded 
off, and the general appearance of the surface becomes smoother and 
less ugly looking than in the first stages of macroetching. For this rea- 
son it is very desirable to note the changes on the surface of the 
pieces at the beginning of the etching, and bear them in mind when 
making the final decision about the metal. The composition of the 
steel greatly influences the time necessary to produce the macro- 
Experiments were made to collect definite data on 
this point, and the results shown in Fig. 3 and Table IV where the 


etching effect. 


Table IV 


Effect of Time on Loss in Weight of Different Steels When Etched in 50-0-50 
(HCI-H.SO,-H.O) Reagent at 70 Decrees Cent. 


Loss in grams 


per square inch 
after etching for 








; ———K ———— CHEMICAL COMPOSITION —_—— 
15 30 45 60 


Max. Max. 
Curve Steel Min. Min. Min. Min. Cc Mn S P Ni Cr Mo 
(1) WD 1020 0.32 0.78 1.23 1.53 0.15—0.25 0.30—0.60 0.05 0.045 
(2) WD 1035 0.12 0.37 0.51 0.70 0.30—0.40 0.50—0.80 0.05 0.045 .... 
WD 1350 0.14 0.29 0.49 0.63 0.45—0.55 0.90—1.20 0.05 0.040 
{ 


) 
4) 


WD 1055 0.11 0.22 0.32 0.48 0.50—0.60 0.40—0.70 0.05 0.045 


Forging 
(5) 7 0.08 0.16 .... 0.45 0.41 0.56 0.022 0.010 3.05 
(6) WD 1095 0.10 0.23 0.30 0.41 0:90—-1.05 0.25—0.50 0.05 0.040 
(7) 115 0.10 0.18 0.27 0.26 1.15 0.15—0.35 0.05 0.040 se. a sb Da warded ees 
(8) WD 4140 0.06 0.13 0.23 0.31 0.35—0.45 0.40—0.70 0.045 0.040 . 0.80—-1.10 0.15—0.25 
Forging 
(9) 5 0.05 0.10 . 0.19 0.29 1.19 CGne eee 644 6a tess dve ee 


correlation between loss in grams per square inch and etching time in 
minutes for nine different kinds of steel are shown. The experi- 
ments refer to reagent B, representing a solution of 50 volumes of 
hydrochloric acid and 50 volumes of water, used at 158 degrees Fahr. 
(70 degrees Cent.) in a regular way for etching specimens of each 
of the above nine steels for 15, 30, 45 and 60 minutes. 
were weighed before and after macroetching, and the corresponding 
losses in weight were determined. 


The pieces 


The diagram in Fig. 3 shows 
dS : 
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well how rapidly the loss in weight grows with time for plain car 
bon steels of 0.20 per cent and lower carbon content, and how rapidly 
this loss decreases with an increase in the carbon, and how compara 
tively slowly it varies for nickel and molybdenum steels.  T! 


curves show plainly that if we consider the loss of about 0.3 gran 


Tams 


CSE 


per square inch as normal for producing a good macroetching effect 
we have to choose 15 minutes as the etching time for carbon steels 
of 0.20 per cent and lower carbon content; 25-30 minutes for steels 
of 0.30-0.50 per cent carbon, and about 45 minutes for carbon steels 
of 0.55-0.95 per cent carbon content. It is interesting to note hoy 
these figures for etching time coincide with the figures recommended 
by the macroetching committee of the A. S. S. T., and selected purely 
by comparing the appearance of pieces etched for various periods of 
time. It is evident that it is impossible for a given reagent to estal 
lish one standard etching time for all kinds of steels; such a time has 
to be determined experimentally for steels of different composition by 
separate etching tests; even then, always taking into consideratior 
possible variations in heat treatment and other conditions, this etching 
time can be regarded only as approximate data, departures from 
which are necessary, depending on each given case, and on the experi 
ence of the person conducting the macroetching. 

It is also evident that reagents not so vigorous in their action, 11 
other words, reagents giving “loss per square inch-time”’ curves (like 


the curve in Fig. 3) of lesser slope, allow more latitude with regard 


to time and make it easier to attain proper results in etching. It is 
remarkable that reagent C (38-12-50) showed itself similar in this 


respect, and even perhaps more favorably, to reagent B (50-0-50), 
as can be judged from the diagrams in Figs. 1, 3, and 4. The fact 
was foreseen after the first preliminary experiments, and this circum 
stance was one of the factors in the development of the compositior 
of reagent C. 

In general, the etching time as determined for different steels by 
the committee on macroetching of the A. S. S. T. for etching reagent 
B (50-0-50), can be applied when using reagent C; but with regard to 
both reagents it is important to remember that this time is an approx'- 
mate minimum for normalized steels, and that always there may b 
a case when it is necessary to prolong the etching in order to better 
develop certain special details. An instructive example of the effect 
of prolonged etching is shown in Fig. 5. Usually it has to be remem- 


bered that a longer time is necessary if a cold specimen is put into th 
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gent without preheating. If the specimens are large, a consider- 
‘ble allowance in time has to be made on this account. Ordinarily 

little experience is sufficient to get good practical results in such 
cases. For convenience of the reader the table of ‘etching times,” 
as established by the Recommended Practice Committee of the 
\.S.S.T. and published in the 1930 edition of National Metals Hand- 


hook is given below. 






TEMPERATURE OF MACROETCHING 








The temperature at which etching takes place affects the speed of 


action ot acids, 1.€., the loss of weight per square inch ot surface 


ecommended Etching Time for Various Steels 



















S.A.E. Carbon Steels S.A.E. Nickel-Chromium S.A.E. Chromium 
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Steels Minutes Vanadium Steels 






























: 1010 15 Steels Minutes Steels Minutes 

y 101 15 3115 45 6120 45 

a 1020 15 3120 45 6125 45 

: 1025 30 3125 45 6130 45 

feo 1030 30 3130 45 6135 45 

; 1035 30 3135 45 6140 45 
1040 30 3140 45 6145 45 
1045 45 3215 45 6150 45 
1050 45 3220 45 6195 45 
1095 5 3230 45 
1315 30 3240 45 S.A.E. Molybdenum Steels 
350 30 3245 45 4130 45 
1 360 30 3250 45 4140 45 

3312 60 4150 45 

S.A.E. Nickel Steels $325 6U 4615 45 
315 30) YIIS 60 
2320 30 5540 6 S.A.E. Siltco- VMangane S¢ 
330 30 3415 495 Steels 
“aa = 3435 45 , 
335 30 3450 45 9250 30 
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of the metal, or the depth to which macroetching penetrates the sur- 
face of the specimen at a given time. Naturally for steels of differ- 
ent composition, condition, and heat treatment, the influence of the 
temperature will vary. As there were no sufficient data in the litera- 
ture giving any quantitative correlation in this respect, it was de- 
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cided to determine experimentally the approximate character curves 
representing the changes in loss of weight per square inch with 
changes in temperature for several typical steels and such typical 
reagents as B (50-0-50) and C (38-12-50). These curves are shown 
in Fig. 4. The loss was determined by etching the specimens for 30 
minutes (the usual average etching time) at different temperatures, 
and weighing them before and after the experiments. 

A study of the curves reveals great similarity in the action oj 
both reagents B and C with regard to etching time, and shows that 
reagent C is no more drastic than B. Apparently the temperatures 
selected as standard for solution B ought to bring the same results jn 
the case of solution C, if the duration of macroetching will be some- 
where about the usual etching time for steel—30 minutes, with some 
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100 120% 
+—Graph Showing Influence of Temperature of Etching on Loss of Weight 
of Different Steels for Reagents B and C. 
variations in both directions. Thus, substituting reagent C for re- 
agent B will involve no change in the macroetching action as far as 
the temperature is concerned. But if for both reagents a temperature 
of about 212 degrees Fahr. (100 degrees Cent.) instead of 71 de- 
grees Cent. (160 degrees Fahr.) (as accepted by the committee oi 
the A. S. S. T. in the “Tentative recommended practice for a Stand- 
ard Macroetch Test”), the loss of weight during the same period oi 
etching will increase for steel WD1020 about four times; for steels 
WD1035 and WD1350 about 6-7 times; for Ni-steels about 3+ 
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Fig. 5—Effect of Etching Time: Changes Produced on the 
Same Area of a Piece of Steel (No. 8 in Table I) by Taking the 
Time 10, 35 and 80 Minutes Respectively. 
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times; and for Mo-steels about 3-4 times; as can be seen from 
curves in Fig. 4. However, further experiments have proved that 
while the curves showed well that the etching action of both reagents 
B and C changes in a very similar manner with the temperature jt 
would be advisable from more practical considerations to test the 
“etching times’ determined for reagent B on reagent C, but at the 
temperature of boiling instead of 160 degrees Fahr. this would give 
the advantage of avoiding the necessity of measuring and keeping the 
temperature of the hot acid mixtures at 160 degrees Fahr., which is a 
troublesome and unpleasant operation under the conditions of prac 
tical work. 

The experiments described previously, when discussing the na- 
ture and concentration of the reagents, and represented by the dia- 
gram in Fig. 1, and by Table II, definitely proved the milder action of 
reagent C. This, taken together with the character of the curves in 
Fig. 4, suggests that the etching times for this reagent at a tempera 
ture of 160 degrees Fahr. will be shorter than those for reagent B, 
and also makes it reasonable to expect that the “boiling point etching 
times” for C may not differ very much from the 160 degrees Fahr 
etching times for B. Actual experiments with various steels con 
firmed this, and proved that when using reagent C at a temperature 
near its boiling point, the same etching times could be taken as thos: 
recommended for B at 160 degrees Fahr. (71 degrees Cent.), be 
cause reagent C has considerable latitude in its etching action with 
regard to the etching time, which makes certain variations in th 
time quite admissible without affecting appreciably the picture pro 
duced by macroetching. The last fact appeared to be of particulai 
practical value, especially in view of the impossibility of strictly 
standardizing all conditions of the macroetching test, and of the 
necessity of allowing wide margins for errors in the estimation ot 
the initial temperatures of the test pieces and of the reagent, in keep 
ing the etching time, and in the estimation of the defects in the metal 
as affected by the extent of the macroetching action. The experience 
and knowledge of the persons carrying out the test, brings here a 
factor covering to a great extent such impractical and superfluous de- 
mands as keeping the temperature of the macroetching bath at 100 
degrees Fahr. (71 degrees Cent.). It has to be borne in mind that 
considerations of practical conditions in the technical laboratories and 
in the workshops (where the tests have to be carried out sometimes) 
make it desirable to avoid troublesome and exact measurements o! 
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temperatures, and to select as a standard the boiling temperature of 
the reagent, and to keep the reagent just at the simmering point in 
order to prevent excessive evaporation. In this way, the control of 
the conditions of the bath will consist only in the observation and 
regulation of boiling. Reagent C, as evident from the above, has 
such a composition that when boiling under usual conditions of work, 
it does not change its action beyond the satisfactory practical limits 
\lso the action is slow enough to make harmless such variations in 
the etching time for different steels as invariably occur in practical 
circumstances. 

After the foregoing experiments and general considerations per- 
taining to the separate, principal factors influencing the macroetching 
picture, it may be of interest to see what general procedure is to be 
pursued in carrying out the macroetching test. The following pre- 
sents the practice established at the present time at the Watertown 
\rsenal. 


(GENERAL PROCEDURE IN MACROETCHING 


The general procedure in macroetching after the surface of 
the specimen has been properly prepared, cleaned and wiped with gas- 
oline or some suitable solvent to remove any traces of oil (which may 
cause uneven etching), it is put into a suitable dish (glass, porcelain, 
stoneware, etc.) covered with clean water and heated in the water to 
etching temperature. When the piece has acquired the proper tem- 
perature, it is taken out, carefully placed into the etching dish like the 
above, but containing the proper quantity of the etching reagent 
already heated* to its simmering temperature, and the time is noted. 
Often, however, the large size of the piece to be macroetched makes 
impracticable and unpleasant the operation of transferring it for pre- 
liminary heating into a separate dish, and also of taking the piece out 
of hot acid for washing. In such cases, with a little practice, it is 
quite easy to obtain the same results by placing the piece in the dish, 
adding to it the reagent already heated, and pouring it off, either 
directly or by syphoning, after the usual ‘etching time,’ somewhat 
prolonged because of the low temperature of the piece during the 
first period of etching; the first washing can be done in the dish, and 


then finished with the cooled piece taken out. It is possible, of course, 








"A gas or electrical hot plate may be used for heating the container of the reagent; 
times Duriron pots, serving as containers, are heated directly by gas; immersion electric 


heaters, protected by acid-proof covers present a very attractive method of heating in this 
case 


some 
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to heat the piece preliminarily in water, to pour the water off and then 
to add the heated reagent. Such a procedure diminishes the correc- 
tion for etching time, but it is scarcely necessary, as for usual condi- 
tions the difference in time from the previous method is not consider- 
able. In the case of using a cold reagent on-cold specimens the 
“etching time’ must be increased considerably, usually for the period 
necessary for heating the reagent to the temperature of etching. The 
size of the piece, because of great heat conductivity and small specific 
heat of the metal, is not of such importance in this respect as the 
quantity of the reagent used, and this has to be considered in deter- 
mining the time of etching. Usually in such cases the time estab- 


lished for etching of preheated specimens in preheated reagents may 


indicate the minimum period, after which the piece has to be ex- 
amined in order to establish by the appearance of the piece the length 
of further etching. Again, experience and practice give here the 
best indications, which is of great importance, as this method of 
work: starting etching with a cold specimen and in a cold reagent, 
is often the only practicable one in working conditions. At the 
Watertown Arsenal it is used principally. 

After the elapse of selected ‘“‘etching time,” the piece is taken 
out of the solution, rinsed well under the tap with plently of water 
and carefully rubbed all over with a soft brush in order to eliminate 
all dirt and slimy carbon deposit, covering the surface. After re- 
peated rinsing the etched face is carefully wiped with a clean linen 
or paper towel, and the piece is well dried either in a stream of warm 
dry air from a special laboratory electric dryer, used often for metal- 
lographic work, or just by putting it on a clean hot plate for a few 
minutes, avoiding unnecessary extreme heating and the effect of the 
gas or products of its combustion coming from under the plate, which 
may tarnish the macroetched surface. Sometimes after washing the 
specimen with water, it is rinsed with alcohol in order to help to 
eliminate the last trace of water present on the piece in the cavities, 
in the small pores, and in the cracks which may contain traces of acid, 
and thus cause tarnishing of the macroetched surface. Sometimes 1t 
is also recommended to boil the etched piece for the same purpose in 
distilled water before drying it. All those measures are excellent, but 
after some practice and experience it is possible to achieve remark- 
ably good results, just by simple good washing under the tap and 
careful drying on a hot plate. Such is the regular procedure at the 
laboratory of the Watertown Arsenal, and experience shows, that 
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macroetched pieces, finished in this way, preserve their surface in 








eood condition, without tarnishing for many days and weeks. 








CLEANING MACROETCHINGS 


Very often the contrast of the picture on macroetchings may be 








improved by carefully rubbing their surfaces with a very fine crocus 








or emery cloth, but, the writer’s experience is, that cleaning the 








macroetched surface with an ordinary soft rubber eraser, such as is 








used by a draftsman, greatly improves it and brings out the finest 








details. Pieces left after macroetching for weeks and even a month 











or two in the laboratory, after cleaning in this way, looked quite fresh 








and full of details, and gave excellent photographs. 








It is often desirable to preserve macroetchings for long periods, 








and many substances for covering the surface are recommended for 








that purpose. However, a freshly etched surface, not covered with 
anything is best suited for judging the metal, and only delicate clean- 
ing, as with the eraser just mentioned, and the “citrate” method de- 




















scribed below, may be regarded as not interfering with the interpre- 
tation of details. 











Macroetched specimens covered with rust after prolonged ex- 
posure to corrosive action can easily be “cleaned,” so that the pattern 
developed by macroetching may be, practically speaking, completely 
reinstated. Simple treatment: immersion, soaking and rubbing with 
5-20 per cent solutions of sodium or ammonium citrate (citric acid 
itself as well as other salts of it are helpful, too), followed by rub- 
bing with a brush, thorough washing with water and careful drying 
on a hot plate, does the trick admirably. In general, the duration of 
the soaking operation may be prolonged for several days, depending 
simply on the extent to which the macroetched surface has been dam- 
aged by rust, but heating to a boiling point usually shortens the oper- 
ations to an hour or a small part of it. Fig. 6 shows the results 
obtained by simple soaking. 



















































































It is remarkable that the surface of the specimens cleaned by 
this “citrate” method keeps the bright appearance of the macroetched 
pattern, resisting corrosion considerably better than could be ex- 
pected. This fact indicates that in certain cases it is advisable to 


























subject to this “‘citrate’’ treatment specimens macroetched in the 
usual way. 
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Fig. 6—Results of Cleaning a Rusty Macroetched Piece with a Sodium Citrate 
Solution. Surface Before and After Cleaning. 

Fig. 7—-Results of Macroetching by the Citrate Method, which is Being D« 
veloped. 





MACROETCHING OF PRODUCTION WORK 
A New MacroetcHING Metuop to Devetop FINER DETAILS 


The peculiar chemical action of citric acid and citrates on 
oxides and compounds of iron suggests their use as etching re- 
agents. Reaumur (1683-1757) in discussing the means of distinguish- 


ing bad steel from good, and particularly of determining whether 


Fig. 8—Examples of Macroetchings of Arc Welds Made on 
44-inch Nickel Steel Plate with Welding Rods of Different Com- 
positions: a.—Cr-Va Steel Rod; b.—Low C-Va Steel Rod. 


sword blades and daggers were of real Damascus steel, ad- 
vised squeezing the juice of a piece of lemon onto the blade and 
watching the character of the pattern developed. At Watertown 
Arsenal the author tried to apply and expand these ideas, and 


found that a very delicate macroetching pattern may be easily de- 
dium Citrate veloped by using citrates (sodium citrate, etc.), which in many 


$$$ $— — 


s Being De cases is superior and more suggestive for interpretation and un- 
derstanding of the technological story told by the pattern, than 
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the etchings obtained by usual ways. While the method is 


worked out finally, the Arsenal laboratory uses it successfully, 


The practical side consists in the preparation of the surface of 
the specimen in the usual way (though, perhaps, with less atten- 
tion and accuracy) than in subjecting the surface to the oxidizing 
(rusting) effect of some medium like water, steam containing bro- 
mine, chlorine, iodine, or hydrogen peroxide, or simply exposure 
for ordinary rusting; immersion in some oxidizing bath is also 
effective, the principal aim being the creation of a uniform layer 
of oxides on the surface of the specimen. The following  boil- 
ing or more or less prolonged immersion of the piece in 5-20 per 
cent sodium citrate (or other citrate) and good brushing, wash- 
ing with water and drying complete the procedure. Often the 
layer of oxides formed during the oxidation period comes off on 
immersion in the citrate solution as a film, having a pattern on 
the side facing the surface of the piece, which resembles the macro- 
etched picture produced on that surface. One of the advantages 
of this method is that the action of the reagent is not drastic, the 
picture obtained is not exaggerated, and inclusions such as _ sul- 
phides remain in their places. A Baumann ‘print taken from the 
surface of the specimen usually gives a full picture of the dis- 
tribution of the sulphides present. Fig. 7 illustrates the results 
obtained. The resistance to rusting in the air of the specimens 
macroetched in this way is quite surprising. 


CONCLUSIONS 


The following are the principal conclusions which may be drawn 
from the above considerations. 

1. It is possible to select several macroetching reagents, sim- 
ple, convenient and inexpensive in their composition and method 
of application, which can give very good and comparable results 
for a very wide, nearly complete, range of steels, used in ordnance 
work and in usual industrial applications. 

2. These reagents belong to a group of acid reagents, and 
the most suitable of them proved to be of a composition by vol- 
ume: 38 parts of hydrochloric acid, 12 parts of sulphuric acid 
and 50 parts of water, hydrochloric and sulphuric acids being both 
of “C.P.” grade, and correspondingly of 1.19 and 1.84 specific 
gravity or of 36-37 per cent of HCI and 94 per cent of H,50, 
content. The usual, so-called, “technical” grades of the acids may 
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used with the same success, but the relative composition of the 
solution by volume has to be changed in accordance with specific 
cravity of HCl and H,SO, content of the acids. A mixture of 
{) parts of hydrochloric acid, 10 parts of sulphuric acid and 50 
parts of water (parts measured by volume and acids of “concen 
trated grade”) may be used satisfactorily for usual practical pur- 
poses. 

3. Though coarsely finished, or even, in some cases, quite 
unfinished, surfaces of test pieces may be used for macroetching, 
the judgment of the quality of the metal under such conditions, 
unless only surface defects are considered, is doubtful and often 
practically impossible ; very fine polished finish of surfaces is super- 
fluous. It was found that surfaces obtained on surface grinding 
machines, using Norton grinding wheels of 80 or 90 grain size 
500-1/1000 of an inch), to avoid 
ing,” are quite suitable for macroetching and involve very little 


with small feeds (about 1 sen. 
expense in their preparation, saving labor and time. 


4. “Etching time,” i.e., time allowed for the macroetching 


action of the reagent, is an essential factor. Though it seems im- 
possible to standardize exactly the necessary etching time, because 
of so many varying factors connected with each new specimen, it 
is helpful to determine the approximate minimum etching time for 
various steels, and use this minimum as a basis for macroetching 
work; the final point in the action of the reagent must depend on 
the completeness of developed details or of some particular charac- 
teristics, important in each given case. This is especially applicable 
for macroetching tests of large forgings. Approximate etching 
times for usual manufacturing steels, determined experimentally, 
are given on page 327. 

5. Etching temperatures, i.e., the temperature of the reagent 
at which its action on the test piece is allowed to take place, is as 
important as etching time. Considerations of practical conditions 
in the technical laboratories and in the workshops (where sometimes 
the test has to be carried out) make it desirable to avoid trouble- 
some exact measuring of temperature, and to select as a standard, 
the temperature of boiling of the reagent and to keep just at sim- 
mering point during the work to prevent excessive evaporation. 
Thus the control of the conditions of the bath will consist only 
in the observation and regulation of the boiling. The selected re- 


agent, mentioned above, has such a composition, that boiling un- 
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der usual conditions of work does not change its action beyond 


practically satisfactory limits. Also its action is slow enough to 
permit such variations in “etching time” for different steels, as 
inevitably occur under practical circumstances. 

6. The quantity of the reagent, necessary in each particular 
case of macroetching in practical work, depends on considerations 
of the chemistry of the process and of reasonable economy. 

7. As seen from the above it is impossible to carry out 


good work in macroetching without sufficient experience. This ex- 


Fig. 9—-Comparison of a Baumann Print with a Macroetching Picture of 

the Same Area, Indicating the Nature of the Pits. Macroetching Picture 

Above; Baumann Print Below. 
perience may be acquired without particular difficulties, by a per- 
son able to appreciate important peculiarities of each case. Often, 
especially for large test pieces, it is impossible to use any standards 
of etching time, as the etching has to be started with cold pieces 
put in cold reagent; then experience and practical judgment of 
sach case by its merits play a decisive role. 

8. In order to be able to interpret successfully defects ob- 
served on properly macroetched pieces, there are required knowl- 
edge, experience and good judgment, not only with regard to the 
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_ Fig. 10 
dritic Structure. 


Diameter about 8% Inches. 


observation of discontinuities and nonhomogeneity in the metal, but 


also with regard to chemical and mechanical technology of iron 


and steel. 


The effect obtained by macroetching with reagent C and used 


in accordance with the instruction of general procedure is illustrated 
in Figs. 9 and 10. 
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It is appropriate to emphasize that the investigation presented 
had a definite limited practical aim in view, and had no preten- 
sions whatever to being an exhaustive or exact study of the ques- 
tion. It has already given beneficial practical results in the work 
carried on by the Arsenal, and it is hoped that it may be of some 
use for the steel industries outside of ordnance work. 

The following acknowledgments are due in connection with 
this investigation; to the Ordnance Department for permission to 
publish this work; to Col. T. C. Dickson for his initiative and very 
active appreciation and deep understanding of the importance of the 
study of the macrostructure of metals for ordnance work; to Col. 
G. F. Jenks for his kindly and unreserved co-operation and help in 
the work; to the committee on macroetching of the American Society 
for Steel Treating, and particularly to their chairman, H. G. Keshian, 
for the information obtained from them and their co-operation: 
and lastly to those members of the Watertown Arsenal Labora- 
tory staff who, by their enthusiastic work, made the investigation 


a practical success. 


DISCUSSION 


H. G. Kesn1an:* Dr. Yatsevitch recommends for deep etching reagent 
a mixture of about 10 per cent sulphuric acid, 40 per cent hydrochloric acid, 
50 per cent water. That is quite different than the standard etching reagent 
recommended by this society. I agree with Dr. Yatsevitch that the addition 
of sulphuric acid actually gives a better and more distinct etched surface. 

JeroME Strauss: It occurs to me that this most interesting paper ot 
Dr. Yatsevitch, as well as the work of the other authors upon this afternoon's 
program, is of itself quite incomplete. Thusfar there have been accumu- 
lated just a great fund of useful, yet purely “practical” data. Much has been 
said concerning the difficulty of interpretation, but obviously there can be n 
reliable interpretation in the absence of more fundamental facts. 

We know very little, indeed, of the relative solubility in various media 
under different conditions of time, temperature, etc., of sorbite, troostite, mar 
tensite and austenite of different compositions as occurring in different types 
of steels: nor do we have similar information concerning the behavior ot 
the various compounds and mixtures of compounds occurring as distinct micro- 
constituents in these steels. This applies to both carbon and alloy steels, but 
more particularly to the types of higher alloy content. The behavior of these 
several constituents, not only above, but also in contact with each other 
these acid media, should also be known. 

The time is opportune for a determination of the facts required for a 


1Metallurgist, Chase Companies, Inc., Waterbury, Conn. 






Chief Research Engineer, Vanadium Corporation of America, Bridgeville, Pa. 
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This seems to me to be a task for a 


understanding of the essentials. 
versity investigation. These times have created a decrease in undergradu- 

and an increase in graduate registration in many of our well-equipped in- 
stitutions. A carefully organized group, with units investigating individual 
parts of such a broad research, could within a few years establish sufficient 
fundamental information to permit many of the present uncertainties of hot 
And the data collected might well lead to other 


Messrs. 


acid etching to be dispelled. 


important knowledge of steel behavior. Dr. Yatsevitch, as well as 
Gill and Johnstin, have approached one side of this great field 


Author’s Closure 


| very much appreciate the kindly remarks regarding my paper, and can 
only regret that the lack of time prevented discussion at the meeting of many 
important points leading to the success of the application of the macroetching 
test. It does not require much imagination and insight into the metallurgy 
and technology of metals to realize that this method has by far greater pos- 
sibilities and future than is commonly realized at present. Its development 
ought to be welcomed by manufacturers, perhaps, much more than by con- 
sumers, as for the latter it is only an inspection method, whereas for the 
former it is a tool for constructive work, giving excellent possibilities to im- 
prove methods of production and the quality of the product, and at the same 
time a means of educating and uplifting the consumer to a proper understand- 
ing and use of the product and thus promoting higher engineering progress 
in a wider sense. Materalistic considerations cannot stand in any contradiction 
to this point of view, as every more or less enlightened, far sighted and com- 
mercially shrewd trader knows that the most difficult and objectionable thing 
in business is an ignorant buyer; very often the manufacturer has to play 
the role of a real leader in engineering progress, bringing down to consum- 
ers the benefits of research and science. An excellent example of activities 
of that kind is presented in Mr. G. Luerssen’s paper, which ought to be wel- 
comed by every true enginecr-metallurgist, as it gives an instance (unfortu- 
nately rare in the steel industry) of highly developed technological control of the 
product at all stages of its manufacture, with the macroetching method playing 
one of the important and essential parts. 

With regard to Mr. Keshian’s remarks about the addition of sulphuric 
acid to solutions of hydrochloric acid, I wish to emphasize that foreign and 
American literature contains many indications confirming our systematic ex- 
periments in that respect. The experience of some American steel works 
laboratories using our reagent is very gratifying, and I do think that the 
change in the recommended practice of the American Society for Steel Treat- 
ing from the hydrochloric acid solution to our reagent in the proposed sim- 
plest form, as quoted by Mr. Keshian, would be of general benefit. It may 
be appropriate now, in view of Dr. Rawdon’s remark on Mr. Keshian’s paper, 
to point out again that for those of us who have to deal with the usual in- 
dustrial conditions of mass production and haste, the group of such simple 


ind quick acting reagents as acid solutions not involving the necessity of the 
preparation of finely finished surfaces, presents far greater advantages than 
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various copper-containing mixtures, ammonium persulphate solution, etc, 
it may also be useful to impress the value for the industry of Baumann 
called “sulphur”) printing methods. It is in reality one of the variati: 
the macroetching method, which may be called a “contact macroetching m 


because the macro-picture, produced by the chemical action of some reag: 


the surface of the metal is visibly registered on suitably prepared pap: 


some other medium, put in contact with the surface. This very valuab}, 
method is being rapidly further developed and extended, and it is not difficy); 
to visualize this extension to cover not only the structural elements conta; 
ing sulphur and phosphorus, but, possibly, all other elements as well 
such a dream-like advance in the macroetching method will come true, n 
lurgists will be able to study in a simple way the distribution of various ek 
ments and the complete macrostructure of metal pieces, or various parts oj 
metallic structures without destroying them for taking samples, but just 
they are. As the every day practice at the Watertown Arsenal proves th 
sibility and usefulness of following the macro-structure and defects on the 
side and outside surfaces of guns at various stages of their manufactur: 
the simple application of the Baumann printing method, without the 
est damage to the work or finish, the importance of the further development 
of the “contact macroetching method” is realized by us most keenly. 

Dr. Strauss emphasizes the necessity of having more “fundamental facts 
In this way he strengthens the army of thinking metallurgists who, using th 
macroetching method every day, realized long ago the importance of such fact: 
and looked for them, but could not find them, because of the generally irra 
tional development of the iron and steel industry with regard to systemati 
organization and direction of research work. Therefore, in using macroetch 
ing as an inspection method in production work, we have to seek and evaluat 
all reliable though purely practical data. Under such conditions, quantitativ: 
experiments with various etching reagents and steels as described in the paper 
seemed to me very desirable, and, as we know now, the results have borne pra 
tical fruit beyond expectations. I have to remind Dr. Strauss that a partial 
study of the fundamental facts on the lines indicated by him was already be 
gun by Osmund and his students, by Heyn, Goerens, ete. The value of thos 
fundamental facts has been realized at the Watertown Arsenal from the be- 
ginning of our studies of the macroetching method; certain preliminary studies 
have been made and are in progress at present. We feel, however, the im- 
possibility of tackling the problem alone, and Dr. Strauss’ suggestion of collec- 
tive action of several organized groups is very welcome. Contrary to his ex 
pectations, however, it seems to me that, true to its nature and spirit, th 
American industry will not wait for the accomplishment of the investigations 
at the universities, as it can and will have the leading and decisive role itsell. 

In conclusion I wish to propose to establish for the test in question the 
term “macroetching test,” and not to call it “deep etching test.” The last 
name is quite misleading, and the first describes fully the purpose and charac- 
ter of the test. While the macrostructure is often developed properly onl) 
by slight etching, the deep etching is in the majority of cases not only super- 
fluous, but undesirable for correct interpretations. Besides, the word “deep 
frightens manufacturers unduly, creating prejudices against an excellent test 
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ROUTINE DISK INSPECTION IN QUALITY 
STEEL MANUFACTURE 
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Abstract 


This paper presents the subject of deep etching from 
the steel maker's viewpoint. It discusses first the purpose 
of disk inspection, and the principles governing the choice 
of a workable method. It then describes in outline a 
routine practice currently being followed in a tool and al- 
loy steel mill, pointing out two advantages, first, insurance 
to the customer against faulty steel, and second, improve- 
ment in manufacturing standards by means of closer con- 
trol of operations. The paper concludes with a general 
discussion of the points to be considered in interpreting 
the test. 


NE of the outstanding features of metallurgical history during 
O the past decade has been the increasing demand for higher and 
higher quality in steel products. Hand in hand with this demand 
has come the development of new inspection methods, particularly 
those designed for the detection of internal defects. Among such 
methods, macro-examination in its various forms has taken a very 
prominent place, both on account of its effectiveness as an inspection 
method, and because of its simplicity and economy in manipulation. 
Particularly has this been true of the hot acid etch test now used 
quite widely in the inspection of bar stock and forgings, in which 
cross sectional disks or slabs are cut cold and etched in hot muriatic 
(hydrochloric ) acid. 

While the method probably originated with the consumers of 
steel as a check upon incoming material, nevertheless the steel manu- 
tacturers made very effective use of the disk test at an early stage in 
its development as a check upon their own mill practice. Conse- 
quently makers of quality steels were not slow to realize the potential 
value of the test not only in improving their own practices, but in 
establishing between themselves and their customers a more definite 








\ paper presented before the Fourteenth Annual Convention of the Society 
held in Buffalo, October 3 to 7, 1932. The author, G. V. Luerssen, a mem- 
ber of the society, is metallurgical engineer, Carpenter Steel Co., Reading, Pa. 
Manuscript received July 1, 1932. 
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standard of quality. Co-operation between maker and consumer 


in establishing the method and in laying out standards for interp: 


tion has consequently played a very important part in the rapid 
velopment of the test. 

It will be the purpose of this paper to present a side of the « 
inspection question not often discussed—that seen from the view- 
point of the steel maker. Following an introductory review of the 
purposes of disk inspection and the principles underlying the selec- 
tion of workable methods, a routine practice now in use for some 
years in the mill with which the writer is connected will be outlined 
and discussed. No attempt will be made to treat the various manipu 
lations in a detailed manner, since the description of these is ade- 
quately covered in other papers presented to this symposium. While 
the practice discussed applies primarily to tool steels and the finer 
alloys, still it is hoped that the treatment of the subject will be suf- 
ficiently broad to cover other fields of steel manufacture. 


PURPOSE OF DiIskK INSPECTION 


From the viewpoint of the steel maker the purpose of disk in- 
spection is two-fold. Its first and most important function is to pre- 
vent the shipment of inferior material to the customer. This 
function becomes of extreme importance where tool steels are con- 
cerned, both on account of the heavy labor expense entailed in the 
manufacture of tools with consequent loss when faulty steel is en- 
countered, and on account of the possible impairment of production 
schedules due to tool room delays, not to mention failures in service. 
A well conducted disk inspection acts as an insurance against all 
these contingencies. Disk inspection is likewise of great importance 
in connection with high grade alloy steels such as those used in air- 
craft, pneumatic tools, ball bearings, etc., and its advantages here are 
too obvious to require more than a passing comment. 

The second function of disk inspection is to afford the steel 
maker a close and constant check upon his own manufacturing prac- 
tice both in melting and in hot working. Disk inspection would 
never be entirely effective simply as a weeding out process. It must 
be made to yield information regarding the product which can be 
used in elevating the general standard of quality and thus to mini- 


mize final rejections. Such information can be obtained through the 


medium of carefully correlated records, preferably kept by order of 
heats. 
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DISCUSSION OF GENERAL METHOD 


Any method adopted should therefore be built up around two 
principles, first, that of consistently supplying the customer with 
satisfactory material, and second, that of carrying out the method 
on the most economical basis possible. In general the procedure 
which embodies these principles most effectively is that of conducting 
the inspection on the semi-finished material, in the case of tool steel, 
on the billet. 

There are many advantages in this practice. One of the most 
outstanding is the ability to procure results of inspection a very short 
time after the melting of the heat. A prompt and methodical check- 
up on melting practice is thus obtained, and any necessary adjust- 
ments in practice can then be made with precision. A_ further 
advantage of a prompt check-up is that it prevents the accumulation 
of any large quantity of questionable material in the event of some 
unsuspected error in practice. 

A second advantage in billet inspection lies in the fact that 
steel can be inspected in the form of full heats. Handling in units 
of heats through inspection makes possible a much more compre- 
hensive study of melting practice than is possible when heats are 
broken up and inspected over a wide period of time. There is the 
added advantage of having a more precise check upon hot working 
practice. 

A third advantage, and one of extreme importance, is the saving 
in time by avoiding delays contingent upon rejecting finished material, 
an advantage which is quite real where definite delivery dates are to 
be met. There is nothing more exasperating to either manufacturer 
or customer, than the necessity of rejecting finished material, par- 
ticularly when it is needed promptly to meet some manufacturing 
schedule. A final bar inspection obviously does not insure against 
such delays. Inspection in the billet on the other hand minimizes 
this hazard since it eliminates any guess work as to the quality of the 
material going into the finished bar. 

A fourth advantage is the saving of material due to the ability 
of the inspector to recognize certain defects characteristic of tops or 
bottoms of ingots. There are some defects quite typical of the ex- 
tremities of the ingot, and these can readily be eliminated by cut- 
ting back, then checking up with an additional disk. It might be 
mentioned here also that a more thorough inspection can be made in 
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billet form for the reason that defects are larger and consequently 


less difficult to detect. 
The method as outlined presupposes that no material defects 
be introduced by the final rolling or forging of the bar. Experience 


has proved this to be a safe assumption, the only requirement being 


Fig. 1—(Left) Fractured Bar as Ordinarily Obtained in Usual Crop Inspe 
tion. (Right) Deep Etched Disk from Same Bar Showing Inadequacy of Crop I: 
spection. 


that reheating temperatures and hot work practice be controlled 
within reasonable limits. On very large sizes it is sometimes pref- 
erable to make the inspection on the finished piece, both from the 
standpoint of economy, and because control of heating and final forg- 
ing conditions are often somewhat difficult, and consequently in need 
of a final check. 

It might be added that disk inspection is distinctly a test for 
macrostructure, and not for microstructure. Consequently whether 
conducted upon the billet or upon the final bar, while it detects mate- 
rial defects, segregation, etc., and is thus a guarantee of material 
quality, it is no guarantee of the annealed or treated structure, of the 
bar, and this can only be determined definitely by the microscope. 


DESCRIPTION OF PRACTICE 


Preparation of the Billet: Through all operations it is desirable 
to handle the material in units of heats. Starting with breaking down 
or cogging of the ingot, it is advantageous to cut as few billets as 
necessary. If the ingot is cut in two, the top and bottom billets are 
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properly marked. If the ingot is cut in three or more, the middle 
billet should also be identified, so that proper correlation of inspec- 
tion of the billet and its location in the ingot can be made. On car- 
bon steels over about 0.70 per cent carbon and on the harder alloy 
steels, it is usually necessary to anneal the billets for cutting. For 
this purpose a semi-anneal is sufficient, and can be carried out most 
rapidly in a continuous type furnace. 

Cutting. Disks are usually cut on band saws or high speed 
hack saws. Round billets may be cut with a parting tool on a lathe or 
cutting-off machine. [Each disk with its corresponding billet-end is 
stamped with the heat number together with a serial number for 
identification. Care is required in cutting to secure a cleanly sawed 
disk, and if this is done no further preparation is necessary for 
routine inspection. Disks cut with the parting tool may be dragged, 
and if so should be ground off to remove the smear of metal. 

Etching. Etching is usually done in a 1:1 solution of muriatic 
acid in water. Duriron dishes have been found very convenient and 
durable, and may be heated either on an electric or gas hot plate. A 
thermometer is used regularly to keep etching conditions constant. 
The disks are etched for a prescribed time at a definite temperature 
depending upon the type of steel, and then scrubbed in clear water 
and dried with absorbent paper. 

Inspection. Intelligent inspection of the disk requires not only 
experience and good judgment, but knowledge of melting and hot 
working operations, and an understanding of the physical and chem- 
ical processes underlying the various patterns developed by the etch. 
In other words it is necessary for the steel maker not only to deter- 
mine by inspection which disk is good and which is bad; he must 
necessarily be able to recognize the various defects or characteristics, 
and classify them as to their genesis so that corrective measures may 
be applied when necessary. The action of acid on the various con- 
stituents must also be understood, and its tendency to magnify some 
of these must be recognized so that proper allowance may be made 
in interpreting results. 

Inspection standards must be established largely through experi- 
ence and knowledge of general requirements in the trade. There is 


of course no question concerning obvious defects such as large pits 


or spots resulting from inclusions, major segregations, blow holes, 
or center porosity and pipe. There are some characteristics de- 
veloped on deep etching however which are the result of natural 
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processes of freezing, and consequently always present to som« 
tent. Whether these can be considered defects or not depends | 
their degree, and consequently inspection for such characteristic 
rests largely upon the judgment of the inspector. Principal amon 
these are the natural increase in pitting from surface to center, d 
velopment of dendrites, etc. The type of steel being inspected must 
be taken into account since not all steels respond alike to etching. 
Here again the judgment of the inspector is of great importance. 

As already indicated, it is quite convenient for the inspector to 
classify defects under two general groups, first those which are 
characteristic of extreme top and bottom of the ingot, and second 
those which are characteristic of the entire heat. The former can 
be removed by cropping back until the etched disk shows the billet to 
be clear. This is a very beautiful and practical example of the ef- 
ficacy of disk inspection, and illustrates its advantage over the former 
uncertain method of cropping and examining the fractured bar ends. 
In the case of the second type of defect however, it is necessary to 
approve or disapprove the entire heat upon the basis of some estab- 
lished standard. With proper control in melting and hot working 
based upon inspection data, it is possible to raise the general quality 
well above this standard so that loss of an entire heat becomes a 
rarity. 

The last phase of disk inspection is that of making a final dispo- 
sition of the heat and a careful record of the details of its inspection. 
As the inspection and cropping of each heat is completed, it is re- 
leased for final rolling or forging, carrying with it a distinguishing 
mark to indicate that is has passed the disk test. Adequate records 
are of great importance, and in order to be most effective in control- 
ling practice, are kept by heats, and submitted regularly to the oper- 
ating departments interested. 

Many cases are encountered in which consumers require a spe- 
cial type of disk inspection to meet certain peculiar conditions in their 
service. In such cases it is often necessary to depart somewhat from 
the routine method, and occasionally to make alterations in manu- 
facturing practice to meet the special requirements. Many of the 
specifications encountered are quite interesting, showing how in- 
geniously the etch test can be employed to indicate the particular 
properties in which the consumer is interested. In general however 
it is an advantage to both consumer and maker to adhere as closely 
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‘ : eee , arre > ste ards. such as Se ter- 
as possible to some generally accepted standards, such as those t 


tatively prepared by this society. 
In conclusion, the quality steel maker is striving tor a pertection 
vhich he will probably never attain. Steel making is essentially a 


Fig. 2—-Satisfactory Disks After Deep Etching. (About Actual Size.) 


chemical process carried on at extremely high temperatures. Un- 
fortunately at such temperatures the containers, that is the furnace 
and ladle, enter more or less actively into the reactions. I*urthermore 
the process must be carried out in an atmosphere of nitrogen and 
oxygen, the latter of which combines readily with the most of the 
elements in the steel. Lastly the product itself, due to its chemical 
make-up, is of such a character that it tends to freeze, not in a 
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homogeneous mass like glass, but rather in a crystalline mass, 











consequently subject to selective freezing of the constituents. 

Thus with even the closest attention to details in melting and 
pouring, there are certain inherent conditions in the steel making 
practice, and in the process of freezing, which cannot be entirel; 
controlled, and which will consequently under best conditions vary 
slightly between heats and between parts of the ingot. The acid etch 
is a searching test; 1n fact it might be said that it lays bare the very 
soul of the steel maker, exaggerating his shortcomings however with- 
out particularly proclaiming his virtues. Variations of a very slight 















order may thus be magnified by the etch so that they become not only 
perceptible, but often quite striking. This magnifying power, while 
the very thing which makes the test valuable, must be taken carefully 
into account when finally interpreting results. 

Finally the success attained in using the test really is measured 
by the degree of co-operation between maker and consumer. For 
best results it is necessary for the maker to thoroughly understand 
the requirements of the user, and for the consumer on the other hand 
to recognize some of the more general problems encountered in steel 
making. Fortunately a better mutual understanding is growing year 
by year, and it should be a source of satisfaction to this society that 
the active part which it has taken in bringing forth information and 
establishing tentative standards for the etch test is bearing fruit. 


DISCUSSION 
















Written Discussion: By Ralph F. Casella, assistant metallurgist, Fafni 
Bearing Company, New Britain, Conn. 

For the past two years, our company has inspected all raw material by 
means of billet inspection at the steel plant. This procedure calls for the deep 
etching of billet samples, taken from the top, middle and bottom of every ingot 
in the heat. Disks are examined under a low power binocular, and based on 
this as well as the severe micro-inspection for nonmetallic inclusions the heat is 
accepted or rejected. 

There are several advantages gained by both the maker and the user. As 
Mr. Luerssen states, it gives the mill a constant check on their own quality, and 
gives the user an early opportunity to examine an entire heat of steel regardless 
of the final size of bar or wire manufactured. The co-operation necessary in 
such a method promotes a more complete understanding of the mutual prob- 
lems of the user and manufacturer, resulting finally in concrete advantages for 
both. Any material which is not acceptable, of course, is best rejected at the 
earliest possible point in process. Rolling and annealing costs, for example, are 
saved if unsatisfactory material is rejected before these operations. We have 
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cn 


wid the present method extremely satisfactory and one which has produced 
definitely discernible results for us. 


Oral Discussion 





NorMAN E. WoLtpMAN:* Mr. Luerssen of the Carpenter Steel Company 
has presented an excellent paper on mill inspection by deep etching. It is my 
desire to add a few comments in favor of more complete macroscopic and micro- 
scopic examination in the rolling mill and also in the forge shop for the purpose 
of supplying the manufacturer of steel products a cleaner, better quality steel 
which is uniformly susceptible to heat treatment. It is surprising to observe the 
difference in quality between different shipments of steel from the one supplier, 
and also the large difference in quality of different shipments of steel from 
various suppliers. It is more surprising to observe how some heats of steel will 
react so abnormally to hardening in aqueous solutions. 

In the deep hardening of railway and mine locomotive gears and pinions by 
quenching in a special aqueous solution, it is our purpose to temper back to a 
specified Brinell hardness of 415 to 514, holding to a close range of 444 to 477. 
On checking the hardness of four teeth, 90 degrees apart, of each gear, we at 
times find soft teeth. On further and more complete testing of the hardness of 
the teeth, we find that on one segment of the gear, all the teeth will have a 
hardness of 444 to 477 Brinell, on another segment the hardness of the teeth 
will be about 300 Brinell, and frequently other segments will be found with a 
tooth hardness of 200 to 250 Brinell. The gears will then be reannealed and 
rehardened with the same varying hardness, but always with some improvement. 
\ third reannealing and rehardening will greatly improve the hardness but will 
still show a marked hardness variation from section to section. 

On microscopic examination of transverse sections of teeth ground out from 
the different sections of the nonuniformly hardened gear we will always find 
one or more of the following defects: 

(1) Banded structure showing alternate bands of low carbon and high 
carbon steel. Usually the low carbon bands are practically 100 per cent ferrite. 
(2) Inclusion segregation in nest form or parallel bands of inclusions. 

(3) Large irregular patches of free ferrite containing a small number of 
large inclusions or a large number of small inclusions. These patches of free 
ferrite can be found in the martensitic sections near the bearing faces of the 
tooth and also in the sorbitic-troostitic tooth core. 

(4) Large spherical or elliptical patches of free ferrite containing fine in- 
clusions, and which usually show fine hair-line cracks or ruptures. These 
patches are designated as goose eggs and can be seen with the naked eye as 
bright shiny specks on the darkened etched surface. These specks, although 
impossible to harden, are nevertheless harder than the adjacent steel before 
hardening as observed in the machining operation. 

(5) Coarse dendritic structure or traces of ingotism either irregularly 
fashioned or uniformly fashioned in the direction of rolling or forging. 

(6) Nonuniform carbon distribution. 

(7): Over-oxidized steel. 


; ‘Metallurical engineer, materials and process engineering department, Westinghouse 
Electric and Manufacturing Co., East Pittsburgh. 
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19 } 
In discussing the above points with the suppliers in question after the = cases 
in the scrapped gears was charged back to them, the question always arose “wa: [Me has | 
there not something wrong with your heat treatment, or was there not some. s amou 
thing wrong with the temperature uniformity in your furnaces?” If the hea; = neces 
treatment was faulty and if the temperature distribution in the furnace was bad. i 
then the gears could be properly rehardened after the faults were corrected ered 
But if the gears could not be rehardened then the true answer was in the stee/ 4 will 
and it was in the steel where we located 95 per cent of our heat treating troubles B char 
Due to the heat treating troubles we have been encountering at times from BS be re 
our steel suppliers, we have been forced to tighten our purchasing department e detec 
specifications by adding a silicon range to the chemical analysis to better gua i impo 
antee properly deoxidized steel. We have also been forced to add a range for ‘i For 
the sum of the carbon plus manganese to guarantee the proper ratio of carbo 3 unde 
to manganese. In addition we have been forced to add a statement that ily ® cond 
forgings or rolled bars must be free from coarse dendrites, traces of ingotisn Ps tion, 
ferrite segregation and harmful inclusion segregation. Fs appli 
The above additions to the purchasing department specifications have com- ® whic 
pelled us to pay slightly higher prices for the steel. But during the past tw: A 
years we have found, on close checking, that the extra costs for the better qual- 3 qual 
ity steel was very slight in comparison to our savings in manufacturing costs Benga 
The elimination of hard spots in the steel during machining and the eliminatio ; 
of heat treating troubles, rejections and scrap warranted the paying of a higher é 
price for the steel. Furthermore, we have a better guarantee of a longer service 
life of our products. 
If costs will permit, mill inspection cannot be overdone. But mill inspec 
tion must include more emphasis on the macro and micro-examination of th . 
finish rolled billets. The more uniform the steel mill products, the less rigid 3 
can be the purchaser’s specifications, thus enabling the elimination at least 4 
part of these so-called extra charges for the steel. 5 
W. H. Witts:* It would be satisfactory to standardize on the testing of 5 
billets and make it a regular practice, but unfortunately there are customers whi 3 


have particularly rigid specifications on deep etching in which it is necessary, in 
order to satisfy them, to etch the disk from the finished bar stock. This seems 
to be due to the fact that there may be variations throughout the length of the 
bar in the amount of center porosity, and also the fact that in some cases insul- 
ficient material has been cropped from the end of the bar in the finishing de- 
partment inspection, resulting in off-center porosity, which of course needs io 
be corrected. 


Author’s Closure 


I wish to thank Messrs. Casella, Wills and Woldman for their very help- 
ful discussions. Mr. Casella’s remarks concerning the method he employs 0! 








the inspection of billet stock is particularly interesting, since it represents a 
type of practice which is being successfully used on a production scale. 

As Mr. Wills states there are cases in which certain customers have special 
requirements which necessitate a final inspection of the bar stock, and such 





*Metallurgist, Ludlum Steel Co., Dunkirk, N. Y. 
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cases have been touched upon in the paper. In general, however, our experience 
has been that with a thorough inspection in the billet, the final bar inspection 
amounts to little more than a checkup, and rejection or recropping are rarely 
necessary. 

Dr. Woldman’s remarks are interesting, but somewhat beyond the field cov- 
ered by the paper. 
will give some indication of microstructure or even the inherent hardening 


In some extreme cases it is true that the deep etch test 
characteristics of the steel. However, as a general thing it is certainly not to 
be recommended for determining these properties, and it is adapted primarily to 
detecting material defects. As noted in the paper, when microstructure is of 
importance the deep etch inspection should be supplemented by the microscope. 
For the determination of inherent hardening properties, which may be classed 
under the general term, “timbre,” and which term really covers the various 
conditions so fully described by Dr. Woldman, such tests as fracture, penetra- 
tion, grain size and impact are very effective, and in our experience can be 
applied in the inspection of material so as to prevent the various conditions 
which Dr. Woldman encountered in his gears. 

Dr. Woldman’s experience with regard to the ultimate economy in a better 
quality steel is noteworthy, and is in accordance with the experience of others 
engaged in the manufacture of quality parts. 
















AN INTERPRETATION OF THE DEEP ACID ETCH 
AS APPLIED TO TOOL STEELS 


By J. P. Gitt ano H. G. JoHNsTIN 


Abstract 





This article deals with the interpretation of the deep 
acid etch test as specifically applied to tool steels. It dis- 
cusses the effect of different acids on the structure and 
on the rate of solubility. It describes briefly the common 
characteristics which are developed by the deep acid etch 
and how these characteristics can be distinguished one from 
another. Numerous photographs are included illustrating 
typical examples. 


HE deep acid etching of steel is constantly gaining favor as a 




















method of inspection by the consumer and as a method of in- 
vestigation by the producer. The consumer who uses the deep acid 
etching method for inspection is particularly interested in deter- 
mining whether or not the material is satisfactory for his use. If 
the material is obviously defective usually the consumer is not par- 
ticularly interested in the exact nature of such a defect, its prob- 
able cause and how it can be remedied. The consumer, therefore, 
usually interprets the deep acid etch simply as to whether or not 
the material is satisfactory from his viewpoint. To the producer 
the test is of immensely more importance as a method of investi- 
gation which when properly correlated with other tests and the 
microscope may give him a definite indication as to the nature of 
the defect and its cause. For instance, a pipe or a hammer burst 
means practically the same thing to most consumers but to the pro- 
ducer it is vital to distinguish between the two so that proper reme- 
dies can be applied. Likewise seams and cooling cracks occurring 
near the surface of the bar usually mean the same thing to the con- 
sumer but again it is important to the producer to distinguish be- 
tween them. 
Every steel is a heterogeneous mass made up of mixtures and 





A paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. Of the authors who are members of the 
society J. P. Gill is chief metallurgist, Vanadium-Alloys Steel Co., and Colonial 
Steel Co., and H. G. Johnstin is assistant metallurgist, Vanadium-Alloys Steel 
Co., Latrobe, Pa. Manuscript received July 1, 1932. 
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1 TEST ’ 
chemical compounds and including to a varying degree both metal- 
lic and nonmetallic segregates. Thus, all steels are subject to a 
selective attack by the inorganic acids commonly used for deep etch- 
ing; different acids attacking different compounds or mixtures. 
Steels which appear solid and free of inclusions when etched with 
one acid may appear spongy and with many inclusions when etched 

ee with another acid. Hardened steels will etch differently than an- 

lis- nealed steels and different alloying elements change materially the 

ind etching characteristics. To visualize these simple facts better sev- 

a eral experiments were made comparing the solubility and selective 

te attack of the commonly used acids—hydrochloric, nitric and sul- 

ing phuric on a 1 per cent carbon tool steel and on an 18 per cent high 
speed steel; on hardened and annealed 18 per cent tungsten high 
speed steel and on a chromium-aluminum steel. 

vor as a 

id of in- SoLUBILITY OF AN 18 Per Cent TUNGSTEN HiGH SPEED STEEL AND 

leep acid oF A ONE PER CENT CARBON Toot STEEL IN HyDROCHLORIC, 

n deter- Nitric AND SULPHURIC ACIDS 

use. lf 

not par- Two steels, one an 18 per cent tungsten high speed steel and 


its prob- the other a 1.00 per cent carbon tool steel were selected for this 
















herefore, experiment because one contained no alloy content and the other 
r or not a very high alloy content. The choice of specimens selected for 
producer this test was based on the fact that in the standard* hydrochloric 
_ Investi- acid etch the high speed steel showed a pronounced degree of ap- 
and the parent sponginess and the carbon tool steel showed a number of 
ature of small holes indicative of nonmetallic inclusions. These steels were 
ier burst partially dissolved in hydrochloric, nitric and sulphuric acids in both 
the pro- the annealed and hardened condition. The chemical composition of 
er reme- the two samples of steel was as follows: 
yecurring : ; 
th High Speed Steel Carbon Tool Steel 
— Per Cent Per Cent 
ruish be- a ide es oy 0.70 NS ising 5 cal weed 1.00 
Tungsten Seadiea lek olka 17.60 ee dials wae 6a 0.27 
( hromium eteuaeeee’ 3.81 PEMNESE 24. ke 5 0.33 
ures and WR isis ev eeweas 0.95 ee 0.017 
. POUOUIOUND sie. <aren ss 0.015 SSH 0:6 eulcioatvn « * 0.008 
. S 
i aalaty ER tae hios a side's 0.008 
oi.” Manganese ........... 0.25 
ers of the Silicon 0.29 
+ Colonial IE Batts 6S ioe a os . 
loys Steel ‘ 


‘Standard Etch: Etch recommended by the American Society for Steel Treating is com 
posed of 1 part commercial hydrochloric acid and 1 part water. It is used at a temperature 
ot 160 degrees Fahr. The time of immersion for tool steels is from 30 to 45 minutes. 
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The high speed steel specimens which were heat treated were 
preheated to 1550 degrees Fahr., rapidly heated to 2340 degrees 
Fahr., quenched in oil and drawn at 1060 degrees Fahr. for 2 hours, 
The 1.00 per cent carbon tool steel samples which were heat treated 
were quenched in brine from 1430 degrees Fahr. and were drawn 
for 2 hours at 350 degrees Fahr. The specimens were machined 
to approximately 1; x 13 x ™% inch and were cut adjacent to one 
another. Ten specimens were cut and after numbering in consec- 
utive order as cut from the bar were subjected to the standard 
hydrochloric acid etch and compared in order to make certain that 
a similar condition existed throughout the specimen. As an addi- 
tional guarantee of similarity 4g inch was removed from the speci- 
mens which were originally etched in sulphuric and nitric acids and 
then etched in the standard hydrochloric acid etch to make cer- 
tain that they compared with the other specimens. These tests 
showed conclusively that all of the specimens when etched in hydro- 
chloric acid showed a comparable and similar condition. 

All heat treated high speed steel specimens had approximately 
0.020 inch removed from each surface after heat treatment, while 
the carbon tool steel specimens had approximately 0.010 inch re- 
moved from the surfaces after heat treatment. 

All specimens were heated to a temperature of 180 degrees 
Fahr. in water and after reaching this temperature they were trans- 
ferred to the etching solution which was at 180 degrees Fahr. and 
held for 30 minutes. The surfaces adjacent to those etched with 
hydrochloric acid were etched with nitric and sulphuric acid; con- 
sequently, these surfaces were separated in the bar only by the width 
of the saw cut. The photographs show surfaces of the cross section. 

Table I shows the solubility results obtained by using various 
etching solutions, while the photographs in Fig. 1 are of the speci- 
mens which were used in this test. 

A careful study of Table I and the photographs of the speci- 
mens (Fig. 1) used indicates quite clearly that these specimens 
should they have been etched in either nitric or sulphuric acid would 
have been considered excellent while etched in hydrochloric would 
probably have been undesirable even though the specimens etched 
in nitric acid lost approximately double the weight of the specimens 
etched in 1:1 hydrochloric acid. Are we justified in condemning 
a piece of steel which shows apparent sponginess when etched in 
hydrochloric acid and no evidence of sponginess when etched in 
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Nature of Etching Acid 
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Fig. 1—Macrographs of Specimens Etched as Shown in Table I. steel 

acid 
nitric or sulphuric acids? It is obvious that hydrochloric acid has 

attacked the specimens selectively to a much greater degree than of tl 
either nitric or sulphuric acids even in view of the fact that the 
amount of steel dissolved in hydrochloric acid was between that 


dissolved in the nitric and sulphuric acid. 


CHROMIUM-ALUMINUM STEELS 


Examples have been given where hydrochloric acid shows a 
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much greater selective attack on certain types of steels. Although 
this may be true with the major portion of tool and special steels, 
nevertheless there are examples of where mixed acids will show 
a selective attack much more severe than will hydrochloric acid. 
An outstanding example of this is particularly in those steels having 


Neture of Etching Acid 
V1 HCI 10% HC;2% HNOs 


a high aluminum content. When aluminum oxide is present in these 
steels it is not indicated by the straight standard hydrochloric 
acid etch. 

In the photographs of Fig. 2 are shown specimens of nitralloy 
of the following approximate chemical composition : 


Per Cent 
Carbon 
Chromium 


Aluminum 
Molybdenum 


The specimens were taken from two heats. The photographs are 
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of adjacent transverse sections of one bar from each heat. (ne 



















set of specimens were given an identical standard 1:1 hydrochloric 
acid etch, while the other set of specimens was etched for one hour home 
at 180 degrees Fahr. in an aqueous solution’ containing 10 per cent | 
hydrochloric acid and 2 per cent nitric acid. A close study of these stain! 
photographs makes it difficult to believe that the specimens could be 2 pel 
of adjacent faces of the same bar. them 
An electrolytic analysis made by the U. S. Bureau of Mines cea 
on these samples showed that the heat from which the square bar of n 
was made contained 0.007 per cent Al,O,, while the heat from which the ¢ 
the round bar was made contained 0.015 per cent Al,O,. This is that 
a most excellent example of where a consumer using a standard bateay es 
hydrochloric acid etch would not have noted the presence of the high 
large amount of aluminum oxides in the steel and most likely would wher 
have passed this material as desirable and satisfactory. The 
are § 
HARDENED VERSUS ANNEALED SPECIMENS OF STEELS WITH 
METALLIC SEGREGATES 


The rate* of solubility in acid is dependent to a considerable 
degree upon the structural condition of the steel, that is, whether 
annealed, hardened or hardened and drawn. A number of refer- Spec 
ences will be found in the literature showing the rate of solution inter 
on steels of the same chemical composition in different structural base 
conditions. In highly alloyed steels such as high speed steel, fer- exan 
ritic stainless steels, etc., whether or not the material is in the an- pits 
nealed or hardened condition will vary materially the interpreta- out 
tion of the results. In steels which are so highly alloyed as to be of a vesti 
segregated nature, such as high speed and ferritic stainless steels, ber 
etching will proceed at a greater rate at the point of contact be- of t 
tween the segregate and the matrix. Many times the segregate The 
will actually be etched out, leaving an apparent pit. Since usually each 
the segregate in highly alloyed steels is not as soluble as the matrix, the 
an examination of the etching solution when using hydrochloric the 
acid will frequently show the presence of a finely divided black pro? 
powder-like substance. Specimens of highly alloyed steels usually inch 
react to the hydrochloric acid ‘etch much differently when hard- of | 
hyd 


2Solution developed by V. T. Malcom, Chapman Valve Manufacturing Co., Indian t kk 
Orchard, Mass. ake 


“ele at a 
8See foot note 1. 
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ened, due to the fact that on hardening such steels a large part 
of the segregate is dissolved in the matrix and the steel is more 
homogeneous. 

We have investigated the etching characteristics of ferritic 
stainless steels and other types of highly alloyed steels, such as 
2 per cent carbon, 12 per cent chromium tool steels, etc., and find 
them to show etching characteristics very similar to the 18 per 
cent tungsten high speed steel. As representative of this class 
of materials an 18 per cent tungsten steel was selected to show 
the effect of structure resulting from hardening and also to prove 
that the pin-holes appearing particularly in the annealed specimens 
were the result of etching out of the segregate. Three bars of 
high speed steel were selected, which in the annealed condition 


when etched with hydrochloric acid indicated three degrees of porosity. 


The analyses of these specimens were substantially the same and 
are shown as follows: 
, Per Cent 
Number C Si Mn W Cr V 


17 0.70 0.24 0.25 17.72 4.09 0.97 
18 0.67 0.28 0.28 17.60 3.93 1.00 
19 0.70 0.24 0.21 17.53 4.15 0.98 


Specimen number 17 was considered good, specimen number 18 
intermediate and specimen number 19 spongy; this classification 
based on etching the annealed sample in hydrochloric acid. A close 
examination of specimen number 17 (Fig. 3) will show very small 
pits over the entire surface of the specimen. From these pits etched 
out a segregate which was later collected and analyzed. Our in- 
vestigation showed that the apparent sponginess in specimens num- 
ber 18 and 19 was chiefly the result of the segregate etching out 
of the specimen rather than being due to nonmetallic inclusions. 
The surfaces of the specimens shown in Fig. 3 were adjacent to 
each other, consequently, they must represent identical sections of 
the bar. Specimens were originally taken from 2-inch round bars, 
the analyses of which have already been given. They were ap- 
proximately 1% inch thick and the heat treated specimens had 0.020 
inch removed from the surface after treatment. The photographs 
of Fig. 3 were made after subjecting the specimens to the standard 
hydrochloric acid etch. Sections 1% x 13 x % inch were then 
taken from the centers of these specimens and subjected to 21 hours 
at a temperature of approximately 170 degrees Fahr. in 1:1 HCl 
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Heat Treatment 
Quenched end Tempered . 


solu 
cent 
aii 
filte 
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Fig. 3—Disks From 2-Inch Bars of 18 Per Cent High Speed Steel. Etched in 1:1 HCl. 
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Table II 
Solubility of Specimens of High Speed Steel 


Weight Weight 
Number Before Weight Loss Weight Disselved in 
Specimen Grams After Weight Residue Filtrate 
58.8438 24.4666 34.3773 9.2788 25.0984 
58.8054 28.5390 30.2664 7.8310 22.4354 
58.6804 22.9906 35.6898 9.3380 26.3518 
58.6666 7.7866 50.8800 14.2262 36.6538 
58.6768 10.4960 48.1808 13.4710 34.7098 
58.5984 1.9480 56.6504 15.5138 41.1366 


Table Ill 
Analysis of Residue of High Speed Steels of Table II 


Total Loss Weight of Weight of Material 
Specimen in Weight Residue Dissolved in 
Number Per Cent Per Cent Filtrate Per Cent 
A17 58.42 15.76 42.65 
Al8 55.54 13.31 38.15 
Al19 60.82 15.91 44.9] 
T17 86.72 24.24 62.47 
T18 82.11 22.95 59.15 
T19 96.67 26.47 70.20 


Table IV 
Analysis of Residue Taken Per Gram Residue 


Specimet Fe 
Number ; W ; sy Difference 
Al7 62.06 3. 4¢ 5 30.41 
Al18 2 63.40 3. .26 28.88 
Al19 aaa Za 317.35 
eae .62 .05 ‘3 iz 34.21 
T18 42 53.13 .68 5 42.21 
T19 <a 58.2 : ) 36.07 


Table V 
Analysis of Filtrate Taken Per Gram of Sample Dissolved 


Specimen 

Number W Cr \ 
0.466 ‘ 0.199 
0.36 0.196 
0.62 0.136 

.770 0.611 

.596 0.807 

.786 0.600 


l 
l 
l 


solution. The volume of the solution was originally 500 cubic 
centimeters and this volume was maintained constantly during the 
21 hours by adding additional acid as needed. The residue was 
filtered and washc1 free of acid with hot water. An analysis was 
then made of both the residue and the filtrate. 
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Table II gives the solubility of the specimens, the letter 
standing for annealed and the letter “T” for heat treated. 

Table III gives the percentage of loss in weight, weight of 
residue and weight of dissolved material based on the original weicht 
of specimen. Table IV gives the analysis of the residue and Table \ 
gives the analysis of the filtrates. 

The percentages as calculated in Table IV were taken on the 
basis of one gram sample of residue; the percentages as calculated 
in Table V were taken on the basis of one gram sample of the 
material dissolved in the filtrate. It was necessary in the case of 
filtrate analysis to take into account the weight of material dis- 
solved in each case. In taking the analysis of the filtrate the fol- 
lowing procedure was used up to the point where the elements 
were separated. The entire filtrate was diluted to 1000 cubic centi- 
meters and 200 cubic centimeters each were taken for tungsten, 
chromium and vanadium. Calculations were made for percentages 
in 200 cubic centimeters, then for 1000 cubic centimeters. Know- 
ing the weight of the material dissolved in the filtrate the per- 
centages of each element could be calculated best on the weight of 
the material dissolved. It is interesting to note that the percentage 
of elements found in the residue of the 18 per cent tungsten high 
speed steel in the annealed condition corresponds closely to the per- 
centages of carbon and tungsten as found in the double carbide of 
iron and tungsten represented by Westgren’s formula Fe,W.C; 
the iron as found by us being somewhat lower has apparently been 
substituted by the chromium and vanadium present, thus forming 
the complex carbides of iron, tungsten, chromium and vanadium. 

There is not enough difference existing between the analysis 
of the residues in the annealed condition of the three types to jus- 
tify accounting for the difference in sponginess found. The small 
difference that does exist is not consistent to any degree. The 
differences found in the three specimens can most likely be accounted 
for by the degree of segregation. It is apparent that the greater 
the segregation the greater the selective etching, thus more apparent 
sponginess. 

A noticeable difference does exist between the analysis of resi- 
dues in the annealed and heat treated conditions. In the heat treated 
condition the carbon content of the residue dropped from the aver- 
age 0.65 per cent, together with a drop in the other alloys present. 
An analysis of the filtrate in both cases shows that there is little 
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change in the percentage of chromium between the annealed and 
heat treated conditions, but that there is a considerable increase in 
the percentage of tungsten and vanadium as would be expected, 
due to the greater solubility of these elements in gamma iron. It 
should be noted that the heat treated samples did not etch with 
the same porosity as did the annealed samples, due to the solution 
of the segregate on hardening. It should also be noted that the 
degree of solubility as represented by the percentage loss in weight 
is not in accord with the degree of sponginess found. 


CHARACTERISTIC STRUCTURES AND DEFECTS 


Many papers have been presented as to the characteristics and 
underlying causes of the structures and defects that are revealed 
by the deep acid etch. Usually such papers have dealt with single 
subjects, such as dendrites, internal cracks, nonmetallic inclusions, 
etc. It is obvious that a short paper dealing with the many char- 
acteristics and defects revealed by the deep acid etch can only deal 
generally and briefly with each. 

In the recommended practice of the American Society for Steel 
Treating a standard etching solution is recommended, composed 
of one part commercial hydrochloric acid and one part water, to 
be used at a temperature of 160 degrees Fahr.; the steel immersed 
in accordance with the table printed with their recommendation. 
In tool steels the time recommended is from 30 to 45 minutes, ac- 
cording to the composition of the steel. Hydrochloric acid was se- 
lected, due to the fact that it undoubtedly has greater selective etch- 


ing properties than any other single acid, and because evaporation 


by boiling does not change materially its concentration. In pre- 
paring specimens for photographing for this paper the recommended 
practice for deep acid etching of the American Society for Steel 
Treating was followed, except where noted. 


Cracks From ETCHING 


Highly stressed steel can be cracked by the etching solution 
itself. Therefore, steels in this condition should not be subjected 
to the deep acid etch. Unannealed, rolled or forged tool steel should 
not be subjected to the deep acid etch, nor should hardened tool 
steel, unless it has been subjected to a drawing temperature of at 
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Fig. 4—(a) Oil Hardening Die Steel Cracked by Standard Etching Solution. Weight 
loss 17 Grams. (b) Oil Hardening Die Steel Etched with 15 Per Cent HoSO,y Weight 
Loss 17 Grams. (c) Oil Hardening Die Steel Etched with 35 Per Cent HNOs. Weight 
Loss 24 Grams. (d) Unannealed High Speed Steel Cracked by Standard Etching Solution. 


least 300 degrees Fahr. for stress removal. Unannealed steels which 
have air hardening properties and steels whose sections are small 
and do not retain residual heat, are more subject to cracking from 
etching. Unannealed bars of steel which are sufficiently large to 
retain residual heat to relieve some of the stresses resulting from 












rolling and forging are not as susceptible to cracking in etching. 

Annealed steels cannot be cracked by deep acid etching and it is 
difficult to crack any hardened or drawn steel in the etch if the 
draw has been sufficiently high to remove a part of the hardening 
strains. Usually a temperature of 300 degrees Fahr. is sufficiently 
high for this purpose. Hydrochloric acid will crack hardened and 
undrawn steel or unannealed steel more easily than will either nitric 
or sulphuric acids. 

OpeN GRAIN 


For lack of a descriptive term we call the condition found in 
the center portion of photographs of Fig. 5 as one of “open grain.” 
It might also be termed surface roughness and many term it spongi- 
ness. This condition is the one which has probably led to more con- 
tention between the consumer and the producer than almost any 
other condition revealed by the deep acid etch. Specimens which 
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Nature of Etching Acid 


4% HINO 


Bear from Heet B 


Fig. 5—Adjacent Surfaces of 2 Per Cent Tungsten Tool Steel Show Open 

Grain and Pattern Effect in One Acid and Etch Uniformily in Another That Does 

Not Attack Segregate Borders. 
show this condition when etched in hydrochloric acid do not show 
it when etched in nitric or sulphuric acids. Such a condition, there- 
fore, does not represent a discontinuity within the metal, but is the 
result of the selective etching of hydrochloric acid, as will be ex- 
plained. Such a condition is controllable within certain limits by 
the ingot size, thickness of mold wall and casting temperature, while 
the deoxidizers used will vary the condition. 

As the ingot solidifies columnar crystals form perpendicularly 
to the mold wall and these will extend inward until the tempera- 
ture of the interior of the ingot has reached the solidification point. 
Thus, if the steel is cast “hot” the columnar crystals may reach 
almost to the center of the ingot, while if the steel is cast “cold” 
the columnar structure may reach only a short distance inward be- 
fore the remainder of the steel has reached the solidification point. 
When an ingot of steel solidifies almost simultaneously, the crys- 









368 





TRANSACTIONS OF THE A. S. S. T. Apr 


tals formed are granular, while with progressive solidification t! 
crystals formed are of a columnar nature. Columnar crystals have 






























tendency to throw inward the lower melting segregates, such a 
the sulphides and silicates, thereby concentrating them in the zon 
of granular crystals. 

When steel solidifies, crystallization often begins around non 
metallic (oxide) nuclei. Therefore, by varying the deoxidizers 
and method of deoxidation there is a variation in composition, size 
and distribution of the oxide inclusions, many of which do act as 
nuclei for crystals. Because of this, steel having a high oxide con- 
tent when subjected to the deep acid etch often shows a less “open 
grain’ condition than comparatively clean steels which, having a 
more progressive crystallization, exhibit this characteristic. When 
this characteristic is in evidence it is advisable to examine the stee! 
at low power magnification, that is, 20 to 100 diameters, in order to de- 
termine more accurately whether the steel does or does not con- 
tain an abnormal amount of nonmetallic sulphides or silicate in- 
clusions. If such are not present in an abnormal amount, the stee! 
should be considered satisfactory. 


PIPES AND HAMMER BurRSTs 





It is usually not necessary to subject steel to the deep acid etch 
to develop pipes and hammer bursts, as both are usually visible 
without etching. The advantages of the deep acid etch in developing 
these characteristics are to distinguish between the two. Material 
which has burst as ‘the result of improper forging when subjected 
to the deep acid etch should not show sponginess around the burst. 
Material which is piped (an ingot defect) is usually spongy in the 
area adjacent to the open pipe. Occasionally material may be so 
spongy in the center that it is difficult to forge without bursting, in 
which case forging would not be the primary difficulty. 


CENTER POROSITY 





Cross sections of bars subjected to the standard etch often show 
a varying degree of so-called center porosity. This porosity may be 
the result of an actual discontinuity within the metal, in which case it is 
probably more proper to classify the material as piped. Usually, 
however, the porosity is of such a nature that it is not visible until 
the specimen has been subjected to the etch. In general, center 
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Fig. 6—Carbon Tool Steel Showing Center Porosity—Slight 
Standard Etch. 

Fig. 7—Internal Cracks in Oil Hardening Tool Steel—Standard 
Etch. 10-Inch Billet. 
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porosity is the result of the selective etching of both metallic a 
nonmetallic inclusions or segregates. Crystallization of the st 
in solidification throws inward those mixtures of lowest melti; 
point and, in general, concentrates these mixtures or segregat 
near the center of the ingot. Such mixtures or segregates res) 
in selective etching and will appear as holes in the steel. This 
condition can be found in widely varying degrees and as to whether 
steel showing this condition should or should not be used is usually 
one of experienced judgment. If the steel is to be used in a tool 
where the center of the bar is likely to correspond with the working 
portion of the tool, this condition is generally undesirable. !f the 
material is to be used for a purpose where the outside of the bar 
is likely to be the working part of the tool, then this condition should 
be of little consequence unless it is excessive. 








See Figs. 6 and 7. 






















UNKILLED STEEL 


Unkilled steel classed as that steel which is not fully deoxidized 
or degasified at the time of pouring will show numerous blow holes 
and nonmetallic inclusions indicative of both gases and oxides being 
distributed throughout the steel at the time of casting. This is readily 
distinguished by the deep acid etch, and is illustrated in Fig. 12. 


NONMETALLIC INCLUSIONS 


In killed steels nonmetallic inclusions usually appear as pits in 
the etched sample, consequently, should not be confused with pits 
occurring from the etching out of the metallic segregate. The nature 
of nonmetallic inclusions cannot be distinguished by the deep acid 
etch, although different etching reagents will probably attack differ- 
ently the inclusiens. Nonmetallic inclusions may be metallic ox- 
ides, silicates, or sulphides of iron, manganese or of some of the 
alloying elements, such as chromium. In carbon tool steels their 
exact nature and quantity can be determined by the electrolytic 
method* developed by the Bureau of Mines. In highly alloyed 
steels, in which not easily soluble alloy carbides are present, their 
accurate determination is not so satisfactory by the electrolytic 
method. When nonmetallic inclusions are suspected, or when it is 











‘Cooperative Bulletin 51 and 44, U. S. Bureau of Mines. 
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desirable that they be at a minimum, an etching solution,® made up 
of 10 per cent hydrochloric acid, 2 per cent nitric acid and the re- 
mainder water, is suggested, as this etching solution will develop 


the presence of some nonmetallic inclusions not indicated by the 


standard etch. 

When nonmetallic inclusions are indcated in highly alloyed steels, 
which would contain metallic segregates or alloy carbides, then a 
sample of the steel should be hardened and etched for a compari- 
son. If the pits have been caused by a metallic segregate in the 
annealed sample hardening will usually dissolve a sufficient amount 
of the segregate or carbides present, so that the hardened sample 
will appear much differently after the etch than the annealed sample. 
Etched steels containing nonmetallic inclusions appear much the 
same after hardening as in the annealed condition. 

There are several steels in which nonmetallic inclusions are pur- 
posely formed to obtain free machining properties, such as Bessemer 
screw stock, in which there is considerable manganese sulphide, 
and in free-machining ferritic chromium stainless steels, in which 
there is usually considerable chromium sulphide. Nonmetallic in- 
clusions as developed by the deep acid etch are illustrated in Fig. 1. 


METALLIC SEGREGATES 


All highly alloyed steels will likely contain a varying amount 
of metallic segregates; such segregate is usually a complex carbide 
having many of the characteristics of the eutectic. Often steels 
containing a metallic segregate will show pits when etched. These 
pits appear quite similar to the pits in steels having nonmetallic 
inclusions. Etched samples of steels containing metallic segregates 
can usually be distinguished from samples containing nonmetallic 
segregates by comparing etched samples of the steel in both the 
annealed and hardened states. The hardened samples will usually 
show fewer pits than the annealed samples if the pits have been 
the result of the etching out of the segregate. Usually metallic 
segregates will resist solution to a greater degree than the matrix, 
yet the point of greatest attack by the acid is the boundary between 
the segregate and the matrix. Samples containing metallic segregates 
when etched a considerable length of time (3 to 20 hours) with 
a standard etching solution will show a fine black powder-like sub- 
stance in the solution. 


*See foot note 2. 















TRANSACTIONS OF THE A. S. S. T. ril 
Metallic segregates cannot be wholly avoided, since the amount 
will depend primarily upon the composition of the steel, and although 
casting practice, such as temperature of casting, ingot size, 
will usually vary the distribution of a metallic segregate, it does 
not change greatly the total amount. See Figs. 1 and 3. 


f cs 


INTERNAL CRACKS 


Internal cracks, sometimes called flakes, chromium checks, hair 
line cracks or cooling cracks, can be readily observed when present 
by using the standard etch. The samples may be either sections 
taken longitudinally or transversely. These cracks are an actual 
discontinuity in the metal and there still exists a considerable differ- 
ence of opinion as to their exact cause. In certain types of steels 
having some air hardening properties it appears that they are the 
result of the steel partially hardening when in a stressed condition, 
or from different areas of the steel passing through the critical 
range at different times whence part of the steel may be expand- 
ing, while nearby the steel may be contracting. Slow cooling will 
invariably overcome this condition in a large class of steels. In 
some classes of steels this condition is said to be essentially one 
of melting and the condition is said to be found in the ingots. This 
condition is occasionally but rarely found in carbon tool steels and 
will usually be found in steels having an intermediate alloy con- 
tent having only slight air hardening properties. Such defects ob- 
viously make the steel unfit for use.® 


DENDRITES 


Dendrites are essentially the result of the crystallization charac- 
teristics of the ingot which are not wholly eliminated in subsequent 
working. The standard deep acid etch will often beautifully de- 
velop a dendritic structure. The structure can be controlled par- 
tially by the casting temperature and rate of solidification of the 
ingot. Ordinary heat treatment will not eliminate the structure. 
In tool steels, in which the phosphorus and sulphur contents are 
very low, dendritic structure is probably of no serious consequence, 
since sulphides and silicates are the chief nonmetallic inclusions, 
the distribution of which would be likely indicated by the dendrite. 











®See Fig. 2 of H. G. Keshian paper recorded in Reference 4 appended to this paper. 
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Fig. 8—Dendrites in Carbon Tool Steel. Note Absence of Oxide Inclu- 
sions. Standard Etch. 

Fig. 9—Pattern Effect in Carbon Tool Steel. From Paper by Keshian, 
Vol. 12, TRANSACTIONS. 

Fig. 10—Coarse-Grained Carbon Tool Steel. Standard Etch. 

Fig. 11—Hardened 1 Per Cent Carbon Tool Steel. Etched in 5 Per Cent 
HNOg in Water for 3 Minutes. 
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Oxides do not follow the dendritic pattern but, on the contrary, ; 
likely to prevent the formation of dendrites because of acting 

nuclei for more simultaneous crystallization. It is significant t! 

tool steels (usually straight carbon types) which appear highly de: 
dritic are usually exceptionally clean and free of oxide inclusions 
Carbon tool steels showing little or no evidence of dendrites are 
likely to contain more oxide inclusions than dendritic steels. Keshian 


‘ 


did not find material difference in service results in comparing steels 
which showed heavy dendritic patterns with steels showing little 
or no dendritic pattern.’ See Fig. 8. 








PATTERN EFFECT 


This term is applied to the general structure in which the deep 
acid etch reacts differently on different sections of the same sample, 
thereby developing a pattern of some symmetry. The pattern effect 
is almost wholly the result of the crystallization characteristics of 
the ingot and is usually the result of that part of the bar which 
was the columnar structure of the ingot etching differently from 
that part of the bar which was the granular structure of the ingot. 
There is often a concentration of sulphides and silicates in the area 
of contact between the columnar structure and the granular struc- 
ture in the ingot which is strikingly noticeable in certain samples. 
An example of this is illustrated by Fig. 17 of H. G. Keshian’s 
paper,® which is reproduced in Fig. 9. In the absence of noticeable 
amounts of sulphides and silicates then the pattern effect does not 
show such a sharp line between the columnar and granular crystals. 
This will be noted by referring to Fig. 5. 


GRAIN SIZE 


The deep acid etch is of little or no value in determining grain 
size. Occasionally, however, specimens will be noted which show 
a mottled appearance. These specimens, upon investigation, will 
often show a highly enlarged grain; the mottled effect being the 
result of different grain orientation. 


DECARBURIZATION 


Decarburized areas usually etch much less rapidly than sur- 
™See Fig. 17 of Reference 4. 


*See Reference 4. 
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. 


rounding areas and if the etch is not unduly long such areas usually 


are considerably lighter in color. If the specimens are subjected 
for too great a length of time to the acid the decarburized area 
will often etch in relief. In general, a mild etch will develop the 
decarburized area better than the standard etch. 


CARBURIZATION 


Carburized steels will etch in an opposite manner to decarburized 
steels, that is, the carburized area will usually etch darker and 
dissolve more rapidly in the acid. When it is desirable to contrast 
the carburized area with the core area a mild etch should be used. 


HARDENED CASE 


In shallow hardening steels, such as carbon and carbon-vanadium 
tool steels, an excellent contrast can be obtained between the case 
and the core by mild etching. See Fig. 11. 


FLow LINES From ForGING Or ROLLING 


Specimens which are selected for deep acid etch are usually 
taken of the cross section, consequently, only the ends of inclu- 
sions, segregates, etc., are visible. A section of an etched specimen 
taken longitudinally will show streaks and striations due to the 
elongating of both metallic and nonmetallic inclusions and segre- 
gates. Since all steels are heterogeneous, streaks and striations are 
always visible to a greater or lesser degree in a longitudinal section. 
Such streaks and striations are sometimes known as “flow lines,” 
as they indicate the direction in which the steel was worked. This 
characteristic may prove valuable in determining whether or not 
a piece has been forged to shape or has been cut to shape. Flow 
lines in themselves do not signify defective material, since all steel 
regardless of its cleanliness, grain size or method of casting will 
show flow lines in the direction of elongation. If the striations 
show a high selective etching, it then may be desirable to examine 
the material further to determine whether or not it contains an 
undesirable amount of nonmetallic inclusions or metallic segregates.® 


SURFACE DEFECTS 


Often the deep acid etch is used for the determination of sur- 


‘See Fig. 5, page 16, Bureau of Standards Circular 113, July 7, 1922. 





Fig. Specimens of Unkilled 0.90 Per Cent Carbon Tool Stecl. 
Fig. 13—Cooling Crack in High Speed Steel. 

Fig. Seam in High Speed Steel. 

Fig. 15—Cooling Cracks in Oil Hardening Die Steel. 

Fig. Laps in Stainless Iron Bar. 


face defects. Such a method will develop defects which may not 


be visible otherwise. The common types of surface defects are 


seams, laps and cooling cracks. In general, seams can be distin- 
guished by the fact that they are not deep and are elongated in the 
direction of working to a thin line. Short seams may be called 
“flakes.’’ Cooling cracks are most likely to occur in self-hardening 
steels and can usually be distinguished by the fact that they are 
very deep, often reaching one-quarter or more through the bar. 
Occasionally cooling cracks will occur in steels other than those 
of the self-hardening type, in which case the cracks usually are not 
nearly so deep as cooling cracks occurring in self-hardening steels. 
Fig. 15 shows an unusual example of cooling cracks occurring in 


a manganese type oil hardening tool steel; these cracks resulting 
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Fig. 17—Composite Steels Made Up of Hard Piles (1 Per Cent Carbon Tool Steel) 
and Soft Steel (0.10 Per Cent Carbon). 

Fig. 18—Soft Spot in Hardened Carbon Steel. 

Fig. 19—Grinding Cracks in Hardened Die Steel. 


primarily from excessive decarburization, the billets having been 
decarburized while heating for rolling. When the bar cooled the 
decarburized area was contracting, while the remainder of the bar, 


in passing through the critical range, was expanding. This set up 
sufficient strains to cause excessive cracking in the surface of the 
bar. These cracks occurred only in the decarburized area and did 
not extend deeper than 34; inch. Laps, as the term implies, is a 
folding over of the steel. Laps resulting from cracked billets or 
improperly prepared billets are usually quite obvious. Laps result- 
ing from improper rolling can usually be distinguished from seams 
in the regularity of their occurrence. Illustrated in Figs. 13, 14, 15 
and 16. ‘ 
Sort Spots 


Soft spots, which so often result in the hardening of carbon or 
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carbon-vanadium tool steels, can be very readily distinguished 
the standard deep acid etch. The soft spots invariably etch 
relief and are not so dark in color as the harder surrounding are: 
The standard deep acid etch is a most excellent method for locat- 
ing soft spots. This is illustrated in Fig. 18. 


y 


l 





COMPOSITE STEELS 





Composite steels which may be made up of high carbon and 
low carbon plies and steels which may have inserts of a composi- 
tion different from the surrounding material can readily be distin- 


guished by the standard deep acid etch. See Fig. 17. 





GRINDING CRACKS 


Grinding cracks can be readily distinguished by the standard 
deep acid etch and are usually “ear marked” by the cracks forming 
a pattern of some symmetry. The fact the material contains grind- 
ing cracks does not necessarily infer that the grinding itself was 
improper, since most any type of steel can be so badly overheated 
in hardening that it will become so brittle that even the most care- 
ful grinding will cause grinding cracks to form. [Illustrated in 
Fig. 19. 

CONCLUSION 





The deep acid etch test reveals readily and quickly many of 
the characteristics of steel, but in some instances the characteris- 
tics revealed require further examination by standard testing methods 
and the microscope to properly evaluate them. The knowledge of the 
fact that a piece of steel is dendritic or contains metallic or nonmetallic 
segregates is in itself insufficient evidence to base a definite con- 
clusion of the properties of the material. There is real value in 
the deep acid etch when used to separate materials which are obvi- 
ously defective from those which are not, and it has a further 
value in indicating characteristics which do not obviously make the 
material defective but which give indication that the steel should 
be investgated further. The deep acid etch test is one of the most 
simple used in the testing of steel, yet undoubtedly requires more 
experience and judgment to evaluate the results than any other 
method of testing. When used by the inexperienced it is one of the 
most dangerous methods of testing ever devised in that the conclu- 
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sions are often a matter of opinion, the value of which can be no 
creater than the experience and judgment of the investigator. 


References 


V. O. Homerberg, “The Macroscopic Examination of Steel,’ TRANSAC- 
TIONS, American Society for Steel Treating, Vol. 6, 1924, p. 295. 

J. F. Harper, “Some Revelations by Deep Etching,’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 7, 1925, p. 237. 

F. P. Gilligan and J. J. Curran, “Macroscopic Examination of Iron and 
Steel,” TrANsAcTIONS, American Society for Steel Treating, Vol. 
10, 1926, p. 9 

H. G. Keshian, “Deep Etch Test for Iron and Steel,” Transactions, Amer- 
ican Society for Steel Treating, Vol. 12, 1927, p. 689. 

F. N. Speller, “Corrosion, Cause and Prevention”—McGraw-Hill Book Co. 

C. H. Herty and G. R. Fitterer, “Ferrous Silicates in Steel,” Proceedings, 
American Society for Testing Materials, Vol. 28, 1928. 

Benedict and Lofquist, “Nonmetallic Inclusions in Iron and Steel,” John 
Wiley & Sons, 1931. 

Dickenson, “Note on the Distribution of Silicates in Steel Ingots,” Journal, 
Iron and Steel Institute of Great Britain, Vol. CXIII, 1926. 

Werner Zieler, “Distribution of Oxide and Sulphide Inclusions in Steel,” 
Metal Progress, Vol. XXI1, No. 2, February, 1932, p. 68. 

Leland E. Grant, “Identification of Inclusions in Steels,” TRANSACTIONS, 
American Society for Steel Treating, Vol. 19, 1931-32, p. 165. 

Carl R. Wohrman, “Inclusions in Iron,” TRANSACTIONS, American Society 
for Steel Treating, Vol. 14, 1928. 

Federico Giolitti, ““The Complex Action of Manganese and Other So-called 
Deoxidizing Agents Used in the Manufacture of Steel,” Discussion, 
Journal, Iron and Steel Institute of Great Britain, Vol. CVIII, 1923. 

H. S. Rawdon and Samuel Epstein, “Metallographic Features Revealed 
by the Deep Etching of Steel,” Technologic Paper No. 156, U. S. 
Bureau of Standards. 

Clayton, Foley and Laney, “Flaky and Woody Fractures in Nickel Steel, 
Gun Forgings,” Transactions, American Institute of Mining and 
Metallurgical Engineers, 1920. 

H. S. Rawdon, “Microstructural Features of Flaky Steel,” Transactions, 
American Institute of Mining and Metallurgical Engineers, 1920. 

V. N. Krivobok, “Dendritic Crystallization and Grain Formation in Steels,” 
TRANSACTIONS, American Society for Steel Treating, Vol. 10, 1926, 
p. 758. 

A. W. and H. Brearley, “Some Properties of Ingots,” Journal, Iron and 
Steel Institute of Great Britain, Vol. XCIV, 1916, p. 137. 


DISCUSSION 


Written Discussion: By W. H. Wills, metallurgist, Lud!um Steel Co., 
Dunkirk, N. Y. 

The points brought out in the first part of this paper regarding the varia- 
tion in attack of a given acid on different analyses of steel furnish a strong 
argument against inspection by a standardized deep etch test using one acid 
(such as HCl) for all grades of tool steel. 

Our experience has been that this test is more applicable to the inspec- 
tion of carbon, carbon-vanadium and the low alloy tool steels than to the 
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highly alloyed, such as high speed and the high carbon-chromium 
Deep etch tests on the latter are apt to show up unfavorably or be mi: 


es 


er 


preted, due to the etching proceeding at a greater rate at the point of 
tact between the carbide segregates and the matrix. Inspection on these o: 
is better carried out by microscopic examination for carbide distributio, 
examination of hardened fractures. 


n- 
des 


and 


The authors cover quite thoroughly the defects and characteristics oj 
steel that are revealed by deep etching. When such etching is applied to 
tool steel in the hardened condition, as, for instance, to show up grinding 
checks or hardened case on shallow hardening steels a short time in the acid 
is sufficient, usually not over half the time required for annealed bar stock. 

His remarks regarding “open grain’ or surface roughness after deep 
etching might be elaborated on. This really refers to the manner of at- 
tack of the acid on the steel and we feel that there is much to be learned 
regarding the factors affecting it. In other words, some heats of a given 
analysis resist the attack of the acid to a greater extent than others. Fx- 
amination of samples of the former under a low power microscope shows 
fewer pits than exist in the latter after the same amount of etching. This 
difference has been particularly noted in comparing 0.80 to 0.85 per cent 
carbon tool steel of open-hearth and electric furnace manufacture. The open- 
hearth steel lost about 4 times as much weight as the electric furnace steel 
when the disks were etched together for 30 minutes in 1:1 HCl. The attack of 
the acid on the open-hearth steel resulted in much finer and deeper pitting 
than on the electric furnace steel. 

This condition is, perhaps, more of interest in relation to corrosion re- 
sisting steels rather than tool steels. So far as the inspection of the latter 
is concerned what is looked for more is nonuniformity of the attack of the 
acid on the disk or part under examination. 

Written Discussion: By A. H. Kingsbury, Halcomb Steel Co., Syra- 
cuse, N. Y. 

| have reviewed this work with a great deal of-.interest. I have no criti- 
cisms to offer; in fact, I consider it a very commendable paper, containing 
both a great deal of what appears to be scientific, as well as practical, facts. 

Written Discussion: By L. A. Lanning, New Departure Mfg. Co., 
sristol, Conn. 

This paper by Messrs. Gill and Johnstin deserves commendation by rea- 
son of their having emphasized some of the drawbacks and _ inconsistencies 
of deep etching. They have also emphasized the necessity for good judg- 
ment in the use of this inspection method, especially as applied to judging 
the relative quality of tool steels. 

The point with regard to the shortcomings of HCl as an etching agent for 
the comparatively new aluminum nitriding steels is well taken and should, 
perhaps, receive attention from the Recommended Practice Committee. 

I believe it has been generally recognized that differences in etching may 
be expected when comparing hardened and unhardened steels. 

However, deep etching is generally confined, as an inspection test, to 
incoming steels usually in the annealed condition. Under such conditions 
similar results should be expected. Variations in annealed structures may 
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lifferences in results, but normally we should expect reasonably uni- 
wnnealing from our tool steel suppliers. 
.e authors point out that the simple 1:1 HCl mixture as recommended 
selective as to etch out segregates to give an appearance of sponginess, 
eas the appearance is due to segregation alone. Too much segregation 
in the highly alloyed materials is also undesirable, in consequence an etch- 
‘yg solution which brings out this condition is surely of merit. 

[he interpretation of an etch test must in the last analysis reflect the 
‘udgment and experience of the operator. He must learn that certain analyses 
may etch differently than others and to correlate these differences with the 
intended service of the material. 

The question of bars showing center porosity is an open one in the aver- 
age factory. Where a plant is engaged in the small tool business it may 
be possible to select bars for specific jobs where the porous section is to be 
removed. Very often in the shop where the tool room is an accessory, only 
a portion of a bar may be used for a given job. The remainder of the bar 
voes into storage until wanted. The first job called for boring out the cen- 
ter portion, but the next may involve severe duty at the center. 

It becomes almost a necessity for the average plant to demand freedom 
from porosity at the bar center because of the above conditions, otherwise 
the stock room will soon accumulate a variety of bars with varying degrees 
of center porosity. 

It becomes the duty of each plant inspector to familiarize himself with 
requirements and interpret his etch tests accordingly. I believe, however, 
that a standard mixture of acid and routine should be adhered to in order 
that the supplier and purchaser may thoroughly understand each others’ re- 
sults and interpretations. 

Written Discussion: By R. W. Woodward, consulting metallurgical 
engineer, Hartford, Conn. 

The several papers on deep etching form a very valuable contribution 
to our knowledge of this useful inspection method. As pointed out, con- 
siderable experience is necessary to properly interpret the results of the test. 
The compilation of the appearance of the most common defects given by 


Messrs. Gill and Johnstin will assist greatly in making a proper interpretation 
of such data. 


Mr. Keshian wisely pointed out that the test must be carried out under 
uniform standard conditions. The results given by Messrs. Gill and Johnstin 
clearly bring out this fact insofar as the use of other than the standard HCl 
etch is concerned. In reading this paper the inference is gained that the 
authors believe because a certain bar of steel will show “apparent spongi- 
ness” when etched in hydrochloric acid and no such evidence when etched in 
nitric or sulphuric acid that the “apparent sponginess” does not exist and 
that the quality of the bar should not be questioned. They also imply that 
an “apparent sponginess” caused by unequal distribution of metallic segre- 
gates, rather than by nonmetallic inclusions, is not detrimental. The pres- 
ent writer cannot subscribe to either of these views which are rather remi- 
niscent of the early antipathy of the seller to the deep etch test. 

The use of a reagent that is selective in its action is the very founda- 
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\pril 


tion of the deep etch test. The greater solubility reported for ni 


merely indicates that it is attacking all constituents of the steel at n¢ a 
torm rates. 

The variation in solubility of different materials in various ac and 
reagents (approaching insolubility in specific cases) forms the basis of grayj- 
metric chemical analysis and also for the etching of metals for micro. 


examination. For instance, in the analysis of steel for sulphur, after syit- 
able preparation, barium chloride is added to the solution of the stee| and 
barium sulphate, which is insoluble under the conditions present, is precipj- 
tated and by its weight the amount of sulphur in the steel determined. |; 
sodium chloride had been added instead of barium chloride, no precipitation 
of sulphate would have occurred, since sodium sulphate is soluble under th 
conditions existing. Yet it could not be argued because a different reagent 
was used and no sulphate deposited that sulphur was not originally present 
in the steel. 

Likewise, if in the micro-examination of a sample of medium carbon steel. 
a reagent was used for etching that failed to show any structure under the 
microscope, it could not be concluded that there was no pearlite in the steel. 

So, in the deep etch test, if the use of any reagent or acid shows an 
“apparent sponginess” or irregularity in the distribution of some of the con- 
stituents, it must be concluded that such irregularity actually exists in the 
steel. Whether the irregularity observed is sufficient to condemn the steel 
for the use for which it is intended must be decided on the basis of prior ex- 
perience with similar structures. 

The three bars of high speed steel illustrated in Fig. 3 of the paper 
show three degrees of segregation. It cannot be disputed that bar 17 is the 
best of the three and should show superior results in use. It is to be ex- 
pected that chemical analysis of the residues obtained from deep etching these 
three bars should show similar results, since they are all of similar aver- 
age composition and structure. But the deep etch shows that the distribution 
of the metallic segregates is not the same for all, bars 18 and 19 having a 
greater proportion towards the center. 

The writer recalls a case in which considerable trouble was experienced 
with slender punches shattering after short use. These punches had a large 
shank and were made from round bar stock of alloy tool steel. Examina- 
tion of the bar stock by deep etching revealed “apparent sponginess” in the 
center, although of a degree that ordinarily would not be considered dettri- 
mental. Microscopic examination confirmed the fact that the segregation 
was of metallic segregates and not of nonmetallic inclusions. Examination 
of a great number of bars from several producers showed the segregation 
to be characteristic of the type of steel and present in a steel known to be of 
high quality. However, by making the punches from split rectangular bars, 
so that the slender punch section was offset from the original center of the 
bar, the shattering was overcome and normal life obtained from the tool. 
This would seem to prove that even a small amount of “apparent sponginess,” 
which could not be eliminated in this type of steel by careful mill control, 
was detrimental for this particular use. 
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H. p’ARCAMBAL: Our company learned of the so-called hot acid etch 

‘ust 12 years ago. We immediately conducted a test on all of our bars 

tool steel and rejected a large number, some as large as 10 inches in 
diameter, due to the extreme segregation, dirt, etc., in this material as re- 
vealed through the use of this very excellent test. 

| am pleased to state that today practically all of the steel that comes 
‘nto our plant is very acceptable in regard to the hot acid etch test. 

| might add that we have never rejected any high speed steel because 
of defects revealed by the hot acid etch test, due, undoubtedly, to more care 
being used in the manufacture of this higher quality product. 

H. G. KesuH1tan:’ I| would like to make one or two remarks about this 
valuable paper. 

In discussing the nature of segregated areas as brought out by deep etch- 
ing. | believe that a microstructure of suitable magnification of such areas 
would always prove instructive. This would have been particularly useful 
in the case of specimens shown in Fig. 3. 

It is often necessary to determine the nature of deeply pitted condition 
of an etched sample. In such instances the use of the microscope will be found 
more convenient than the more logical chemical method used by the authors. 

The authors have shown that a specimen which may show excessive 
segregation on deep etching may not be so bad after hardening and then deep 
etching the piece. This is a very important point which must be given due 
consideration. Whether such segregates will go into solution during heat- 
ing for hardening, will of course depend first, on the nature of segregates, 
metallic or nonmetallic, and second, on the sufficiency of hardening tempera- 
tures to promote solubility of the segregates. The quenching temperature of 
all carbon and most of the alloy steels is low compared to the high quench- 
ing temperature for high speed steel; and may not be sufficiently effective 
to bring about the complete diffusion of soluble segregates such as carbides. 

Therefore, it seems that it is much safer to aim at a steel which will 
show as little segregation as possible when etched in annealed state and lay 
little dependence on the possibility of these segregates going into solution in 
hardening. 

E. E. Thum: After Messrs. Gill and Johnstin’s paper was abstracted 
in Metal Progress we received a brief communication from J. W. Weitzen- 
korn of Pittsburgh which I will now read. 

“Some years ago I presented some ‘Notes on the Manufacture of High 
Speed Steel’ in Chemical and Metallurgical Engineering, March 15, 1922, in 
which were reported the results obtained when ¢x-inch disks of high speed 
steel were immersed in a 10 per cent nitric acid for a long time in order to 
separate the carbides from the primary austenite. These old results indi- 
cate the action was as completely selective as the etching of high speed steel 
in 1:1 hydrochloric acid, now reported by Gill and Johnstin, as results of 
both investigations are in very close agreement. 


Pratt and Whitney Co., Hartford, Conn. 


Chase Companies, Inc., Waterbury, Conn. 


*American Society for Steel Treating, Cleveland. 
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“The thin disks which I prepared were made from steel of so: 
similar composition to that used by Gill and Johnstin, but the portion 


idie 
was cooled very slowly from the molten state in the crucible furnace a;\J “ 
absorbed considerable extra carbon. Analysis showed that the carbides o- 
insoluble residue contained approximately 56 per cent tungsten, 3.3 yp cent 
chromium and 1.5 per cent vanadium, and that the metal in solution (original), 
the austenite) contained approximately 3.6 per cent tungsten, 3 pe: cont 
chromium and 0.74 per cent vanadium. These results are very similar to those 


reported in the paper by Gill and Johnstin. 

“In my efforts a complete chemical separation of carbides was attempted. 
whereas Gill and Johnstin were interested in showing the effect of selective 
deep etching.” 

It would appear from this letter that both hydrochloric acid and nitric 
acid have a definitely selective action, and under properly controlled condi- 
tions may give us what chemists call a “quantitative separation.” 

It might be emphasized that the deep etch is not a test which tells al] 
you want to know about the steel. There is enough difference of opinion 
as to its utility that one could immediately come to such a conclusion. Con- 
firmation is to be had in the plant of the careful gear makers. Let me cite 
conditions in long use at Brown-Lipe-Chapin, Syracuse, N. Y. There you 
will find that the deep acid etch is only one of several tests which is used be- 
fore accepting the various shipments of steel. The full list is as follows: 







(a) Chemical analysis 

(b) Brinell hardness 

(c) Nonmetallic inclusions under the microscope 
(d) Normality and grain size 

(e) Deep etch to check conclusion of (c) and (d) 
({) Hardenability and fracture of disks. 






This may seem an imposing list, but close co-operation between metal- 
lurgists in the gear-making plant and the steel-making plants have enabled 
the two to work together harmoniously. It will be observed that the last 
four tests mentioned must be interpreted in the light of experience. Even 
though one of them did not show up very well, it would be an indication 
that the rest of the tests for that particular shipment of steel should be scrutinized 
rather carefully, and not an indication that the shipment was entirely unsuitable. 
In other words, if the steel had proper chemistry but did not harden quite 
as deeply as expected, yet it had good microstructure and good deep etching 
characteristics, if the bars themselves had good surface, and the fracture looked 
good, it would certainly be unfair to reject the steel simply because the 
hardenability was slightly less than normal. 

The same is true of good practice in the deep etch test. I think if four 
or five of the ordinary acceptance tests of a bar indicate good steel, the deep 
etch should be interpreted rather liberally. 

However, if the chemistry is off and the bar does not harden very well, 
and if the deep etch test looks rather poor, then it is time to ask the steel 
maker to do something about it. 
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THE COBALT-TUNGSTEN SYSTEM 
3y W. P. SyKeEs 
Abstract 


The tentative constitutional diagram of the binary 
system has been constructed from data furnished by 
microstructures, diffraction patterns, thermal analyses and 
measurements of electrical resistance. 

Cobalt dissolves some 35 per cent tungsten at 1465 
degrees Cent. (26/70 degrees Fahr.), the temperature of 
the eutectic. The solid solubility decreases to about 3 per 
cent tungsten at 550 degrees Cent. (1020 degrees Fahr.). 

The complete eutectic occurs at a composition near 46 
per cent tungsten and consists of the cobalt-rich solid solu- 
tion (B) + an intermediate phase (8) represented by the 
formula WCo (75.7 per cent tungsten). This latter phase 
is formed upon cooling by a peritectic reaction between the 
tungsten-rich solid solution (dissolving 0.2 to 0.3 per cent 
cobalt) and the cobalt-rich liquid. 

A second intermediate phase (e) forms at 1100 de- 
grees Cent. (2010 degrees Fahr.) as the result of a peri- 
tectoid reaction between (8) and the cobalt-rich solid solu- 
tion (B). It approximates in composition the formula 
Co,W, (47.1 per cent tungsten). 

The cobalt-rich solid solutions are subject to age- 
hardening at temperatures above 500 degrees Cent. (930 
degrees Fahr.). A maximum hardness of Rockwell C 65 
(Brinell 770) has been observed as the result of aging at 
600 degrees Cent. (1110 deg Fahr.) for 200 hours a 
rolled alloy containing 35 per cent tungsten. The hardness 
developed by aging ts unusually persistent at temperatures 
as high as 700 to 750 degrees Cent. (1290-1380 degrees 
Fahr.) 


INTRODUCTION 


| ‘OR some time past, exploratory work in the field of certain 
ternary carbon-free alloys involving cobalt and tungsten, has 


been in progress at the Cleveland Wire Works laboratory. The data 
pertaining to the binary cobalt-tungsten system which is presented in 


\ paper presented before the Fourteenth Annual Convention of the society 
held in Buffalo, October 3 to 7, 1932. The author, W. P. Sykes, a member 
of the society, is metallurgist, Cleveland Wire Works of the General Electric 
Co., Cleveland. Manuscript received June 16, 1932. 
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the following pages, have been collected in the course of thes 

vestigations. 
The cobalt used in the present work was prepared in the fo 

ing manner. Commercial cobalt, in the form of “rondelles” 

converted to the nitrate by solution in nitric acid. 


iis 
The nitrate was 
decomposed by heating at about 600 degrees Cent. (1110 degrees 
Kahr.) to form the black oxide which was screened and reduced ip 
hydrogen at 700 degrees Cent. (1290 degrees Fahr.). The resulting 
cobalt metal powder was used both as briquetted and sintered at 1450 
degrees Cent. (2640 degrees Fahr.) in hydrogen and also in the form 
of melts made in alundum boats in a hydrogen atmosphere. 

After the hydrogen reduction there remains in the metal about 
0.5 per cent of nonmetallics, mostly alumina and silica, perhaps in 
the form of complex oxides containing some cobalt. By fusing the 
briquetted metal in an alundum container in hydrogen these non- 
metallics leave the melt as a slag which, when cool, has a distinct 
bluish tinge. The alundum boat is noticeably attacked during the 
first melting operation. A second melting, however, does not affect 
the boat and results in a clean, sound body of metal. A typical 
analysis of the cobalt prepared by melting as described above is given 
below : 


Per Cent 

















Fe 0.22 
Ni 0.59 
Mn 0.09 
SiO, 0.05 


Al.Os 0.01 


In addition to these impurities the arc spectrum of the metal shows 
traces of Ca, Mg, and Cu. 

In 1921 Hull’ first described the crystal lattice of metallic cobalt. 
He states that X-ray diffraction patterns were made from material 
prepared in three different ways. The first specimens were filings 
taken from “very fine cobalt” furnished by Dr. H. T. Kalmus. This 
material presumably had been melted. The pattern was that of a per- 
fect hexagonal close-packed lattice with no trace of the cubic form. 
The same filings, after annealing in hydrogen at 600 degrees Cent. 
(1110 degrees Fahr.) for 6 hours, showed a mixture of cubic and 
hexagonal close packing in about equal proportions. Hull states that 








1A. W. Hull, ‘X-Ray Crystal Analysis of Thirteen Common Metals,” Physical Re- 
view 1921, Vol. 17, p. 571. 
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not found possible by long annealing at 600 degrees Cent. 
1110 degrees Fahr.) to completely change the lattice form from 
<agonal to face-centered cubic. In the case of a second specimen, 
4 fine powder obtained by reduction of cobalt oxide in hydrogen at 
about 600 degrees Cent. (1110 degrees Fahr.), the pattern was that 
of the face-centered cubic lattice with a very faint trace of the hex- 
agonal close-packed form. <A third specimen was examined which 
was made by dissolving a portion of the pure Kalmus cobalt (speci- 
men #1) in sulphuric acid and electrolyzing. This showed a mix- 
ture of about equal amounts of the two forms. In Hull’s data the 
side of the elementary cube is given as 3.554 A, the side of the ele- 
mentary prism as 2.514 A. Density from X-ray data = 8.66. Den- 
sity by standard method = 8.718. 

In 1925 Matsumoto? reported an allotropic change in cobalt at 
a temperature between 403 and 477 degrees Cent. (757 and 890 de- 
crees Fahr.). His methods included measurements of electrical re- 
sistance, thermal expansion and magnetization. He states that X-ray 
analysis discloses that below the transformation point the lattice is 
hexagonal close-packed while above this point cobalt has a face-cen- 
tered cubic lattice. 

Sekito® in 1927 investigated the structure of cobalt at room tem- 
perature and at 700 degrees Cent. (1290 degrees Fahr.). His ma- 
terial was purified electrolytically and melted in a Tammann furnace 
in hydrogen. By chemical analysis it contained 0.10 per cent iron, 
0.12 per cent carbon and no nickel. The metal was forged and filed 
to shape before exposure to the X-ray beam. ‘The diffraction pattern 
of this cobalt at room temperature contains lines of both cubic and 
hexagonal close-packed forms. The pattern from this metal exposed 
at 700 degrees Cent. (1290 degrees Fahr.) likewise shows both forms. 
However, from a comparison of the relative intensities of the lines 
Sekito concludes that at low temperatures the stable form is the 
hexagonal while at 700 degrees Cent. (1290 degrees Fahr.) the face- 
centered cubic is the stable lattice. The lattice constant for the hex- 
agonal form is given as 2.498 A with the axial ratio = 1.622. The 


lattice constant for the close-packed cubic form is reported as 3.558 
A. A specimen of this cobalt deposited electrolytically yielded the 


H. Matsumoto, ‘“‘A New Allotropy of Cobalt,’ Kinzoku no Kenku, 1925, Vol. 


87; 


S. Sekito, ‘“‘Lattice Constant of Metallic Cobalt,’’ Science Reports of Tohoku Imperial 
University, 1927, Vol. 16, p. 545. 
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pattern of the hexagonal form only, the spacings being identical 
those found in the pattern from the fused material exposed at 1 
temperature. 

More recently Hendricks, Jefferson, and Schultzt have invest; 
gated the lattice of cobalt metal powder formed by hydrogen reduc- 
tion of the oxide Co,O, throughout the temperature range from 300 
to 1100 degrees Cent. (570 to 2010 degrees Fahr.). They report 
that the metal reduced below 400 degrees Cent. + 20 degrees Celt 
yields the pure hexagonal close-packed pattern. When the reduction 
temperature lies between 440 and 920 degrees Cent. (825 and 1670 
degrees Fahr.) the pattern of the metal powder is that of the face- 
centered cubic form only. Metal reduced at 1020 +10 degrees Cent. 
(1870 degrees Fahr.) and higher temperatures appeared to be made 
up of both cubic and hexagonal forms. 

Honda’® has shown that when cobalt is heated in a magnetic field 
the change in dimension passes from a negative to a positive quantity 
at about 470 degrees Cent. (880 degrees Fahr.) and reverses again 
at about 1115 degrees Cent. (2040 degrees Fahr.). He considered 
the latter temperature to be merely the Curie point or magnetic 
critical point, and to involve no change in type of lattice. 

In order to confirm the existing data and to furnish a starting 
point for the X-ray study of cobalt-tungsten alloys the cobalt oxide 
Co,O, was reduced in alundum boats in hydrogen at a series of tem- 
peratures ranging from 375 to 1125 degrees Cent. (707 to 2060 de- 
grees Fahr.). The metal as reduced at 375 and 400 degrees Cent. 
(707 and 750 degrees Fahr.) yields a pure pattern of the hexagonal 
close-packed lattice. In the pattern of metal powder reduced at 450 
+ 15 degrees Cent. (840 degrees Fahr.) for 100 hours the lines of 
both the hexagonal and face-centered cubic forms appeared. Re- 
duction temperatures between 500 and 1000 degrees Cent. (930 and 
1830 degrees Fahr.) yielded metal powders showing the pure face- 
centered cubic pattern. The hexagonal pattern first appeared (as one 
intense line and two fainter lines) along with the face-centered cubic 
pattern in the film from metal reduced at 1060 + 10 degrees Cent. 
(1940 degrees Fahr.) and held at that temperature for three hours. 
Thus it appears that the transformation occurs at approximately 1020 


‘Hendricks, Jefferson and Schultz, ‘‘The Transition Temperatures of Cobalt and 
Nickel,”’ Zeit. Krist, 1930, Vol. 73, p. 376. 





5K. Honda, “‘Magnetic Properties of Matter,’’ First Edition, p. 86. 














¢ Ces 
ferson a 
attempt 
cobalt n 


point C¢ 
heat occ 
neat Ol 


Kahr. ). 


modifie: 
stable. 
after h 
1830 de 
reporte 
occur 1 
cobalt 1 
use in 
method 
A 
stated 
Kahr. ) 
Kent | 
placed 
rotated 
the ate 


) 


kh) FF 
close- 


ing in 


\ sect 


tion o 


COBALT-TUNGSTEN SYSTEM 389 


rees Cent. (1870 degrees Fahr.) as reported by Hendricks, Jef- 

son and Schultz. In the course of the present investigation several 
attempts were made to locate the transformation temperatures in 
cobalt metal by cooling curves. No positive indication of the upper 
point could be observed, although a relatively intense evolution of 
heat occurred upon cooling at about 430 degrees Cent. (805 degrees 
Kahr. ). 

By moderate deformation at room temperature the face-centered 
cubic form is altered wholly or in part to the hexagonal close-packed 
modification. When once formed the hexagonal lattice is extremely 
stable. Its pattern persists with but slightly lowered intensity even 
after heating for 200 hours at 800 to 1000 degrees Cent. (1470 to 
830 degrees Fahr.). This fact probably accounts for the many cases 
reported in the literature wherein the two patterns are observed to 
occur together. As will be mentioned later, this characteristic of 
cobalt renders difficult the preparation of certain alloy specimens for 
use in determining the composition limits of the two forms by the 
method of X-ray diffraction patterns. 

\ specimen of cobalt powder (of the approximate analysis 
stated previously) and reduced at 600 degrees Cent. (1110 degrees 
Fahr.) in hydrogen for 50 hours was examined for the writer by Dr. 
Kent R. Van Horn by the Hull method. The metal powder was 
placed in a capillary tube with a sodium chloride standard and 
rotated periodically during the 48-hour exposure. Calculations from 
the atomic spacings of eight atomic planes gave the average value of 
3.512 A for the side of the elementary cube. From the hexagonal 
close-packed pattern obtained from the same material after grind- 
ing in a mortar the following values were obtained: 

Side of elementary prism 2.498 A 
Axial ratio 1.631 A 


\ second sample of cobalt powder was prepared by hydrogen reduc- 


tion of ignited cobalt acetate which contained as the main impurities 
le, 0.005 per cent and Ni, 0.5 per cent. From the pattern of this 


metal the average value for the side of the elementary cube was 3.522 
A. Using 3.512 as the edge of the unit cube the calculated value for 
the density of cobalt is 8.97. This figure is in fair agreement with 
the measured values of 8.81 to 8.36 (see Table VI) in view of the 
history of the specimens used in these determinations, 
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Values for the hardness of cobalt vary considerably wi 


| the 
method of preparation and the treatment. The metal powder, pressed 
at 30 tons per square inch and sintered 2 hours at 1400-1425 degrees 
Cent. (2550-2600 degrees Fahr.) has the following hardness valye< 





3rinell 190 to 220 
Rockwell B 55 to 65 
Rockwell C 8 to 10 








Longer sintering with consequent increase in grain size may lower the 
hardness slightly. As melted and frozen in hydrogen the metal has 
a Brinell hardness of 130 to 140. The rate of cooling from 1400 de- 
grees Cent. to room temperature appears to make no measurable dif- 
ference in the hardness. 

The metal prepared by melting as described above can be rolled 
or swaged cold to a limited extent before cracking. At a temperature 
of 800 to 1000 degrees Cent. it can be worked continuously without 
difficulty. The hardening rate accompanying cold rolling is shown 
in the following table. This metal was previously reduced 50 per 
cent in cross-section by hot-rolling, then annealed 15 hours at 1000 
degrees Cent. After which its Brinell hardness measured 130. 

The thickness at the start of the following operations was 0.250 
inch. Each pass reduced the thickness by about 5 per cent. 





Per Cent Reduction 


in Thickness Brinell 
5 175 
10 200 
20 230 


30 270 





At 20 per cent reduction several cracks appeared on the surface 
of the metal. One piece cold-rolled as above to a Brinell of 230 was 
heated at 600 degrees Cent. (1110 degrees Fahr.) for 50 hours. This 
treatment resulted in no softening. After 5 hours at 800 degrees 
Cent. (1470 degrees Fahr.) the hardness has decreased to 165 and 
after 25 hours at 800 degrees Cent. the Brinell hardness measured 
155. 

Annealing at 1000 to 1025 degrees Cent. for 20 hours or longer 
reduces the hardness to 130 Brinell which appears to approximate a 
true value for fully annealed cobalt. Kalmus and Harper® report a 
Brinell hardness of 124 for cast cobalt as cooled in the mold. 


*‘Herbert T. Kalmus and C. Harper, ‘“‘Physical Properties of the Metal Cobalt,” /n- 
dustrial and Engineering Chemistry, Jan., 1915, Vol. 7, No. 1, p. 6. 
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COBALT-TUNGSTEN SYSTEM 
CONSTITUTIONAL DIAGRAM 


[he constitutional diagram of the system cobalt-tungsten shown 
in Fig. 1 has been constructed from data furnished by microstruc- 
tures and X-ray diffraction patterns, resistance measurements, and 
observation of melting points. 

The greater part of the temperature measurements above 1400 
decrees Cent. (2550 degrees Fahr.) were made with an optical 





TENTATIVE CONSTITUTIONAL DIAGRAM OF THE 2% 
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Fig. 1—Constitutional Diagram of Cobalt-Tungsten System. 


pyrometer by methods previously described.’ A rare metal couple, 
with potentiometer and galvanometer was used in certain instances 
to check the data obtained by the optical method. 

All the heating at temperatures above 1000 degrees Cent. was 


carried out in tungsten-wound resistor furnace in a hydrogen at- 


mosphere. By rheostat control the temperature was subject to close 
regulation. 

For prolonged heatings at approximately constant temperature 
a furnace of this type was equipped with a voltage regulator oper- 
ated by an automatic voltage control. A reducing valve in the hydro- 


W. P. Sykes, “The Iron-Tungsten System,’’ Transactions, American Institute of 


Mining and Metallurgical Engineers, Vol. 73, 1926, p. 968. 
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May 


gen supply line maintained the hydrogen flow through the 


furnace 
fairly constant. With such equipment the furnace was maintained 
at any desired temperature between 1000 and 1500 degrees Cen 
(1830 and 2730 degrees Fahr.) with a variation of not more than 


+ 1 per cent over periods of several days. 
The tungsten metal used in this investigation was in the form 
of hydrogen-reduced powder such as is used in the manufacti 


ure oO} 
incandescent lamp filaments. This material contains less than 02 
per cent of impurities. 

The melting point of cobalt as determined with the optical 
pyrometer lies between 1483 and 1489 degrees Cent. (2701 and 2712 
degrees Fahr.). The freezing and melting of cobalt in a hydrogen 
atmosphere was followed with a thermocouple immersed in the metal. 
Several determinations located the melting point between 1484 and 
1487 degrees Cent. (2703 and 2708 degrees Fahr.). The couple 
had been calibrated from the melting points of copper, 1083 degrees 
Cent. (1981 degrees Fahr.), nickel, 1452 degrees Cent. (2645 degrees 
Fahr.) and iron, 1530 degrees Cent. (2786 degrees Fahr.). 

Some difficulty was experienced from super-cooling, especially 
when the temperature of the melt was allowed to rise much above 
1500 degrees Cent. (2730 degrees Fahr.) before starting to cool 
the metal. 

A slight rise in the melting point was observed upon the addi- 
tion of tungsten. An exact determination of the solidus and liquidus 
throughout the range of composition up to 30 per cent tungsten was 
not possible with the equipment available. Melts in this composition 
range displayed an increasing tendency to super-cool. 

By observing a series of compositions, placed side-by-side in 
the furnace before an alundum target and increasing the tempera- 
ture above 1480 degrees Cent. (2695 degrees Fahr.) at the rate of 
about 1 degree Cent. per minute the relative melting points could be 
easily observed with the optical pyrometer. The maximum melt- 
ing temperature occurs at a composition between 25 and 30 per cent 
tungsten. With an increase in tungsten above 30 per cent the 
solidus falls rapidly to 1465 + 3 degrees Cent. (2670 degrees Fahr.) 
the melting point of the eutectic which is first observed at 38 per 
cent tungsten. 

The horizontal solidus B, C, D (Fig. 1) is arrived at by the 
following procedure which was resorted to in an attempt to locate 
the direction of the solidus temperature line in this range. A series 
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res 0.025 inches in diameter were prepared by rolling, swaging, 

drawing hydrogen-melted alloys. In this series the tungsten 

tent was increased by increments of 3 per cent up to a maximum 

36 per cent. Chemical analyses of these samples indicate a maxi- 
mum variation of + 0.3 per cent tungsten from the desired com- 
position. 

\fter drawing to the finished size the wires were heated at 1400- 
1425 degrees Cent. (2550-2600 degrees Fahr.) for 15 hours in hydro- 
sen and cooled quickly to room temperature. Short lengths of the 
wires including one of pure cobalt were then mounted in sets of 
three in holes on an alundum slab, placed in the furnace before 
an alundum target and heated slowly above 1480 degrees Cent. (2695 
degrees Fahr.) as described above. The wires melted and fell from 
a vertical position at increasingly higher temperatures in the order 
of their increasing tungsten content until this reached 15 per cent. 
The wires containing from 15 to 24 per cent tungsten all appeared to 
melt first at the same temperature, which was determined by several 
separate heatings as 1495 + 3 degrees Cent. (2725 degrees Fahr.). 
The wires containing 27 per cent tungsten always remained upright 
after all other compositions had partially melted and remained so 
until the temyperature had reached 1503 + 3 degrees Cent. (2737 
degrees Fahr.). 

Larger specimens of the worked alloys in this composition range 
were heated to a temperature at which liquid began to form and were 
then rapidly cooled. In the microstructure of such alloys containing 
more than 27 per cent tungsten the network of fused metal contained 
particles of the tungsten-rich eutectic constituent. This appeared to 
be quite absent in specimens containing less than 25 per cent tungsten. 

Upon the basis of these data which have been procured in a 
somewhat unconventional manner the cobalt-rich portion of the dia- 
gram is constructed. It is probable that the location of these solidus 
and liquidus temperatures could be more exactly fixed by additional 
and more-refined methods. In view of the data furnished by the 
microstructures and X-ray diffraction patterns the general form of 


this part of the diagram appears to be reasonably correct. In the 
data on this system reported by Kreitz® the liquidus line rises to a 
maximum temperature of 1501 degreés Cent. (2734 degrees Fahr.) 
at 29.8 per cent tungsten. According to Kreitz the eutectic first ap- 


. ‘Karl Kreitz, “‘Kobalt-Wolframlegierungen,”’ Metal und Erz., Mar., 1922, Vol. XIX, 
NO, 6, DB. 3a. 
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2--Cobalt Metal. Melted and Solidified in Hydrogen; Quenched from 1400 
Degrees Cent. (2550 Degrees Fahr.). x 200. 
Fig. 3 —Cobalt Metal. Having had same treatment as specimen in Fig. 2. X 200 
Rg 4—Cobalt Metal. Having had same treatment as specimens in Figs. 2 and 
Fig. _5—Cobalt Plus 10 Per Cent Tungsten. Melted and Solidified in Hydrogen, 
Held 1425 + 10 Degrees Cent. (2600 Degrees Fahr.) for 30 Minutes. Quenched. X 200 


Fig. 6—Cobalt Plus 20 Per Cent Tungsten. Having had same treatment as speci FC 


men in Fig. 5.  X 100. 

Fig. 7- ‘Cobalt Plus 30 Per Cent Tungsten. Melted and Solidified in Hydrogen 
Rolled and Swaged Hot and then Re-heated 1125 to 1150 Degrees Cent. (2055 to 2100 
Degrees Fahr.) for 15 Hours. Quenched. x 100. 
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at 40 per cent tungsten with a melting point between 1479 to 
1483 degrees Cent. (2695 to 2702 degrees Fahr.), the complete 
eutectic occurring at about 44 per cent tungsten. This investigator 
shows in his diagram a compound WCo at 75.7 per cent tungsten 
formed at about 1625 degrees Cent. (2960 degrees Fahr.) by a 
peritectic reaction between the liquid and the tungsten-rich phase. 

Cobalt metal as cooled after freezing in hydrogen or after sub- 
sequent working and annealing at 1400 degrees Cent. (2550 degrees 
Kahr.) has a microstructure typically illustrated in Figs. 2, 3, and 4. 
Unless otherwise specified, the micro-sections of the cobalt-rich alloys 
have been etched electrolytically in a solution of equal parts hydro- 
ven peroxide and 10 per cent HCl. A second and equally satis- 
factory etchant for these compositions is a solution made up of 2 
parts phosphoric acid and 8 parts hydrogen peroxide. 

Two types of markings are very prominent within the large 
polyhedral grains of the metal after polishing and etching. Blocks 
with straight and parallel boundaries (Fig. 3) are common in the 
metal both before working and after working and annealing. They 
resemble the twins so typical of alpha brass. Within these areas 
occur another set of “spindle shaped” markings (Fig. 4) similar 
to those described by Mathewson® and shown to be due to twinning 
in the hexagonal close-packed lattice. The formation of these twins 
may be associated either with (1) a partial change in lattice when 
cooling through the transformation temperatures, or (2) the subse- 
quent grinding and polishing operations. As the tungsten content 
increases, the rectangular type of twin becomes predominant (Figs. 
5,6, 7,8). In the microstructures of the alloys containing 30 and 35 
per cent tungsten there is little indication of the second type of twin. 

The alloy at 40 per cent tungsten contains an appreciable quan- 
tity of the eutectic (Fig. 9). By etching for 15 seconds in boiling 
sodium picrate, the tungsten-rich phase in the eutectic is darkened, 
while by a more prolonged etch (Fig. 10) it is completely dissolved. 
At a tungsten concentration of some 46 per cent the alloy appears 
to consist wholly of the eutectic (Fig. 11). Primary crystals of 


the tungsten-rich phase occur in the microstructure in alloys con- 
taining 48 per cent tungsten. 

To determine the tungsten-rich terminus of the eutectic line 
FGI a series of alloys containing from 65 to 80 per cent tungsten 


C. H. Mathewson, “Twinning in Metals,’’ Proceedings, Institute of Metals Division, 


rican Institute of Mining and Metallurgical Engineers, 1928, p. 7. 
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Fig. 8—Cobalt Plus 35 Per Cent Tungsten. Melted and Worked as Specimen it ligh 
rig. 7, Re-heated 1425 + 15 Degrees Cent. for 50 Hours. Quenched. x 200. 

Fig. 9—Cobalt Plus 40 Per Cent Tungsten. Melt Cooled from 1500 Degrees Cent 
to Room Temperature in about 2 Minutes. x 500. rl *h 

Fig. 10—Cobalt Plus 40 Per Cent Tungsten. Melt Cooled from 1500 to 1400 De } . 
grees Cent. in 10 Minutes. Quenched. Etched in Boiling Sodium Picrate. 500. the 

Fig. 11—Cobalt Plus 46 Per Cent Tungsten. Melt Cooled from 1500 to 1425 De ‘ 
grees Cent. in 1 Minute. Quenched. X_ 500. 

Fig. 12—-Cobalt Plus 49 Per Cent Tungsten. Melt Cooled from 1650 to 1425 
grees f ent. in 5 Minutes. Quenched. x 200. , 

_Fig. 14—Cobalt 23 Per Cent, Tungsten 7 Per Cent. Pressed Powders Sintered at 
1425 to 1450 Degrees Cent. for 50 Hours, 1625 to 1650 Degrees Cent. for 15 Hours. 
Etched Electrolytically in Solution of Equal Parts 1-N, NaOH and H2O2e. x 500. 
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repared from the mixed and pressed metal powders by sin- 

it 1400 to 1425 degrees Cent. (2550 to 2600 degrees Fahr. ) 

‘() hours. Upon re-heating such specimens to 1470 degrees Cent. 

) degrees Fahr.) and quenching, the presence of liquid could be 
detected in compositions up to 70 per cent tungsten. As the tungsten 
content increased above 70 per cent the solidus temperature ascended 


LIQuID 
X SOLID 


c 


TEMPERATURE ° 





50 60 70 80 
% TUNGSTEN BY WEIGHT 


Fig. 13—Diagram Giv- 
ing Detail of Solidus 
from 50 to 80 Per Cent 
Tungsten. 


rapidly (see Fig. 13) to 1690 + 5 degrees Cent. (3075 degrees 
Fahr.) at 76 per cent tungsten. At this temperature the inter- 
metallic phase (marked delta in Fig. 1) decomposes into a cobalt- 
rich liquid and a tungsten-rich solid, this reaction being indicated 
in Fig. 1 by the line HJR. 

Such behavior of the solidus temperature indicates that the in- 
termediate phase is not of constant composition but extends from 
about 70 to 76 per cent tungsten. In Fig. 14 is shown the micro- 
structure of this phase at the limiting composition of 76 per cent 
tungsten. 

In solidified melts containing 55 per cent tungsten the dendrites 
of the tungsten-rich solid solution (Zeta phase in Fig. 1) begin to 
appear. These are shown in Fig. 15 as the rounded areas, and in 
this case have been roughened by etching electrolytically in a solution 
of sodium hydroxide which is the usual etch for tungsten. The 
lighter background in this microstructure is made up largely of the 
intermediate phase (delta) which has formed about the tungsten- 


rich centers during freezing. Some elongated primary crystals of 
the delta phase also can be seen which crystallized as the melt cooled 
from 1690 to 1465 degrees Cent. (3075 to 2670 degrees Fahr.). In 
Fig. 16 is reproduced the same field after a second etch in boiling 
sodium picrate. The delta phase has been darkened by the last 
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Fig. 15—Cobalt Plus 60 Per Cent Tungsten. Melted at 1800 Degrees Com, 
eI 


Quenched. First Etch (electrolytic) 10 


x 500. 


to 1400 Degrees Cent. in 2 Minutes. 


HCl plus H2Os. Second Etch (electrolytic) NaOH plus HeQs. 
Fig. 16—Same as Fig. 15. Third Etch, Boiling Sodium Picrate. 
Fig. 17—-Tungsten 85 Per Cent, Cobalt 15 Per Cent. 

25 Hours. 1550 to 1600 Degrees Cent. for 25 Hours. j 

30 Minutes. Quenched. Etched Electrolytically in NaOH plus HeOs. 
Fig. 18—Same as Fig. 17. 

Cooled to Room Temperature in 2 Minutes. Etched (1) Electrolytically in 10 Per 

HCl plus H.O. (2) Electrolytically in NaOH plus HeQs. 500. 
Fig. 19—Same as Fig. 18 but Cooled from 1700 to 1300 Degrees Cent. in 2 Hou 

Etched Electrolytically in NaOH plus HeOs. x 500. 


Fig. 20—Tungsten 98 Per Cent, Cobalt 2 Per Cent. 
25 Hours. 1550 to 1650 Degrees Cent. 25 Hours. 


500. 


Heated to 1650 Degrees Cet 
500. 


Ce 


Sintered 1550 Degrees Cet 


Etched Boiling Sodium Picrate, 


Sintered 1450 Degrees Cent 


Then Heated to 1700 Degrees Cent. for 5 Minutes and 


nt 
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21I—Same as Fig. 20 
Etched 
23 


and Subsequently Heated to 1700 Degrees Cent. for 
Electrolyticaily in NaOH plus HoQs. < 500. 

Tungsten plus 0.3 Per Cent Cobalt. Treated as Specimen in 

in NaOH plus HeOs. 1000. 


ig 24—Cobalt plus 38 Per Cent Tungsten. Melt. 
Re-heated 1140 + 15 Degrees Cent. for 50 
Cent HCl plus H2O.o. Xx 700. 

Fig. 25—Cobalt plus 38 Per Cent 

24 Etched in Boiling Sodium Picrate. x 700. 

rig. 26—Cobalt plus 35 Per Cent Tungsten Having Had Melt Held at 1425 
grees Cent. for 50 Hours, 1300 Degrees Cent., 2 


De 
25 Hours, 1150 Degrees Cent., 25 Hour 
Quenched. Etched in 10 Per Cent HCl plus H.O. « 3 


500 
27—Cobalt plus 35 Per Cent Tungsten. Treated and Etched as Fig. 


Lticned 


Quenched 1425 Degree 
Hours. Quenched. Etched in 
Tungsten Having Had Same Treatinent as in 


26. x 700 
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etch as was noted in the description of Fig. 10. A scatte; x of 
unetched areas remains in Fig. 16 representing the last cobalt rich 
liquid to solidify at 1465 degrees Cent. (2670 degrees Fahr.). Ac 
the tungsten content exceeds 76 per cent the tungsten-rich solid soly- 
tion occupies an increasingly greater area in the microstructure, |p 
Fig. 17 is shown the structure of an 85 per cent tungsten alloy formed 
by sintering the pressed powders of cobalt and tungsten at tempera- 
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tures between 1450 and 1650 degrees Cent. (2640 and 3000 degrees 
Fahr.). The small islands of the tungsten-rich phase (darker) are 
here scattered through a matrix of the delta phase. No liquid has 
ever been formed in this specimen. 

By heating such an alloy at 1700 degrees Cent. (3090 degrees 
Fahr.) for a few minutes and cooling rapidly, the structure is altered 
to that shown in Fig. 18 which is typical of such a peritectic reaction. 
Here the tungsten-rich solid solution (the solid zeta phase) has 
assumed the form of large rounded areas. Immediately adjoining 
these solid centers is the border of the intermetallic phase (light) 
while a network of residual cobalt-rich liquid (etched out) is left as 
far removed as possible from the tungsten-rich islands. By cooling 
more slowly through the range of temperature at which the reac- 
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iy readily occur, the intermetallic phase is re-formed again 


mpletely resulting in the structure shown in Fig. 19. 


\s little as 2 per cent of cobalt is easily visible in the tungsten- 
‘ich matrix (Fig. 20) and when such a composition is heated above 
the peritectic temperature, it forms a broken network (Fig. 21), 
representing the liquid present above 1690 degrees Cent. Prolonged 
heating in the high temperature range, 1450 to 1650 degrees Cent. 
2640 to 3000 degrees Fahr.) fails to completely dissolve 0.3 per 
cent cobalt (Fig. 22) but appears to result in a single phase when 
the cobalt content is reduced to 0.2 per cent. 

The alloys last described containing less than 3 per cent tungsten 
were prepared by adding the cobalt as a standard solution of cobalt 
nitrate to the tungsten oxide. The resulting paste was thoroughly 
nixed, slowly dried and reduced in hydrogen. Analyses of the re- 
sulting metals showed the cobalt content to be within + 0.03 per cent 
of the desired composition. 

Cobalt will dissolve at the eutectic temperature 36 to 37 per 
cent of tungsten. As the temperature falls to 1100 degrees Cent. 
2010 degrees Fahr.) the solid solubility of tungsten decreases along 
line FK (Fig. 1) to about 32 per cent. The diffusion rate is low, 
however, and to approximate a complete precipitation of the delta 
phase at 1150 degrees Cent. (2100 degrees Fahr.) requires from 
25 to 50 hours. Figs. 24 and 25 show the elongated crystals of the 
delta phase precipitated from the cobalt-rich solid solution at 1125 
degrees Cent. (2060 degrees Fahr.). Some delta from the eutectic 
is present at the grain boundaries in these fields. Again in Fig. 26 
appear the delta crystals formed in a 35 per cent tungsten alloy dur- 
ing long heating at 1300 and 1150 degrees Cent. (2370 and 2100 
degrees Fahr. ). 


SOLID SOLUBILITY—TEMPERATURE RELATIONS IN THE 
CoBALT-RicH FIELD 


\t a temperature between 1125 and 1075 degrees Cent. (2060 
and 1970 degrees Fahr.) a reaction takes place between the delta 
phase and the cobalt-rich solid solution (beta phase) as indicated 
by the line KLMN in Fig. 1. This reaction takes place slowly and 


in its early stages results in structural features well illustrated in 


ed 


Figs. 27, 28, 29. In this alloy of 35 per cent tungsten the delta 
phase was precipitated in a rather massive form at the grain bounda- 
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’ Fig. 28—Same Specimen as in Fig. 27 but Etched in Boiling Sodium Picrate for | 
15 Seconds. < 700. tne 
a Fig. 29—Cobalt plus 35 Per Cent Tungsten. Treated as Specimens in Figs. 27 : 
28. Then Heated at 1000 Degrees Cent. + 15 Degrees Cent. for 50 Hours. Quenched ISS 
Etch (1) 10 Per Cent HCI plus H2O,. (2) Boiling Sodium Picrate. x 700. | 
Fig. 30—Detail of Epsilon Phase in Specimen Shown in Fig. 29. 2000. ClOS 
_ Fig. 31—Cobalt plus 30 Per Cent Tungsten. Melt Quenched from 1400 Degrees lutic 
Cent. (2500 Degrees Fahr.) and Re-heated at 1050 + 15 Degrees Cent. for 10 Hours uu 
Quenched. Etched in 10 Per Cent HCl plus HsOs. XX 1000. 
3 Fig. 32—Cobalt plus 30 Per Cent Tungsten. Heated 1000 to 1025 Degrees Cent. for 
25 Hours. 950 to 975 Degrees Cent. (1740 to 1790 Degrees Fahr.) for 25 Hours te 
Etched in 10 Per Cent HCI plus H:O2. x 500. aan 
_ Fig. 33—Cobalt plus 30 Per Cent Tungsten. Showing Detail of Epsilon Precipitate, 
in Fig. 31. X 1000. 


—_ 


EMAAR 


= AN 
eo 5 


ale) 





COBALT-TUNGSTEN SYSTEM 403 
ries and in some ‘scattered patches by a very slow cooling schedule 
pad 1400 degrees Cent. (2550 degrees Fahr.) down to 1150 degrees 
Cent. (2100 degrees Fahr.). The identity of the delta phase at 1150 
degrees Cent. is established by the sodium picrate etch as seen in 
Fig. 28. 

\fter further heating at 1000 degrees Cent. for 50 hours ( Fig. 
29) the new epsilon phase has precipitated as a series of lamina- 
tions or a latticework within the beta solid solution and also as 
massive borders about the pre-existing delta phase. A sodium picrate 
etch has dissolved the residual cores of the latter phase in the struc- 


29. At a higher magnification (Fig. 30) the 


ture shown in Fig. 
massive and the lamellar formations are seen to be continuous. 

In the solid solution containing 30 per cent tungsten in which 
no excess delta exists the precipitation of the epsilon phase at tem- 
peratures slightly below 1100 degrees Cent. (2010 degrees Fahr. ) 
occurs as shown in Figs. 31 and 32. This action usually begins at 
the grain boundaries and appears to progress outward in well-defined 
directions. In most cases a distinct boundary line seems to inclose 
the region in which the precipitation has occurred (Fig. 33). This 
might indicate the formation of a new form of crystal structure in 
the cobalt-rich solid solution, but, as will be noted later, the X-ray dif 
fraction patterns do not show this to be the case. Due to the low 
rate of diffusion in these alloys the exact location of the temperature 
solubility line is somewhat difficult but an approximate determination 
is shown as the line KP in Fig. 23. Above 800 degrees Cent. (1470 
degrees Fahr.) the existence of the epsilon phase could be positively 
detected in the microstructures of compositions to the right of the 
line KP. The location of the line at 800 degrees Cent. was deter- 
mined by resistance measurements made upon alloy wires after 
suitable heat treatments to be described later. 

Precipitation of the epsilon phase at temperatures below 1000 
degrees Cent. may result in several interesting structural forms de- 
pending upon the tungsten concentration and the temperature. From 
solid solutions of intermediate tungsten content (i.e. 20 per cent) 
the precipitate which begins to separate at about 1000 degrees Cent. 
is still somewhat lamellar in appearance (See Fig. 34) but less 
closely packed than when formed from the more concentrated so- 
lutions. 


At still lower tungsten concentrations and consequently lower 
temperatures of precipitation, the solid solution is first marked by 








Cobalt plus 20 Per Cent 
1200 Degrees Cent. 50 Hours. 
Cobalt plus 10 Per Cent 
1200 Degrees Cent. 


Melt, Rolled and Swaged. 
at 900 Degrees Cent. 
Melt Rolled and Swaged. 
Degrees Cent. 


Re-heated at 


Then 50 Hours Aqua Regia. 


Cobalt plus 15 Per 


; Cent Tungsten. 
25 Hours at 1200 Degrees Cent. 


Melt Rolled and Swaged. 
Then at 800 + 


10 Degrees Cent. for 25 Hours. 


Treatment Same as in Fig. 
Aqua Regia Etch. : 
Melt Quenched from 


at 800 Degrees Cent. for 100 Hours. 


1450 Degrees 


Re-heated 900 + 
Fig. 39—Cobalt plus 
Heated 5 Hours 709 Degrees Cent. 


10 Degrees Cent. 15 Hours. 
30 Per Cent Tungsten. Worked and Re-heated 1400 Degrees 


10% HCl-H.O,. 
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darkened blocks of a general rectangular outline (Fig. 35). A cer- 
tain amount of closely spaced lamellar structure often appears under 
these conditions usually outlining the original grains of solid solution 
as in Fig. 36. 

With prolonged heating the darkened bands mentioned above 
resolve into lines of elongated globules easily visible at 1000 diame- 
ters and shown in Fig. 37. In the solid solutions of higher tungsten 
concentration precipitation occurring in the temperature range of 1000 
to 800 degrees Cent. (1830 to 1525 degrees Fahr.) results in the 
“cross hatched”” appearance of which the microstructure in Fig. 38 
is typical. 

At 700 degrees Cent. (1290 degrees Fahr.) and below, however, 
the change in structure begins at the grain boundaries as shown in 
Figs. 39 and 40. Such areas, which darken rapidly upon etching 
suggest the formation of new structural units in the solid solution 
growing somewhat radially from the line or center of origin. Isolated 
formations of this type often develop at some distance from a grain 
boundary (Fig. 41). 

This formation spreads throughout the entire section if the 
heating is continued for perhaps 200 hours at 600 to 650 degrees 
Cent. (1110 to 1200 degrees Fahr.). The entire section in such a 
case has the appearance of the field in Fig. 42 and as will be noted 
later this condition is representative of the alloy in its hardest state. 


THE EpsILon PHASE 


Alloys formed by prolonged sintering of the pressed metal pow- 
ders were found most suitable for approximating the composition 
range of the epsilon phase. This method of preparation eliminates 
the possibility of tungsten-rich segregations due to widely differing 
densities of the constituents. A fairly uniform and intimate mixture 
of the cobalt-rich solid solution and the delta phase could be pro- 
duced by this method when metals were sintered for 75 or 100 hours 
at 1425 to 1450 degrees Cent. (2600 to 2640 degrees Fahr.). After 
thus forming the alloys a series of specimens were heated at 1050 + 
15 degrees Cent. (1920 degrees Fahr.) for various periods of time 
up to 100 hours to note the progress in the formation of the epsilon 
phase. 


Compositions between 45 and 51 per cent tungsten were treated 


in this manner. While the single phase was in no case completely 
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Cobalt plus 30 Per Cent Tungsten. Worked and Re-heated at 1400 
25 Hours. Heated 600 Degrees Cent. 25 Hours. 10 Per Cent HC! 
1000. 
Same as Fig. 40 After Heating at 600 Degrees Cent. 100 Hours 
Same Specimen Shown in Fig. 41. Etched in Aqua Regia 10 mac 
+3——Cobalt 53 Per Cent, Tungsten 47 Per Cent. Sintered at 1450 Deer ” 
Cent. 100 Hours Etched in (1) 10 Per Cent HCI plus H2Ov.. (2) Boiling S itt 
Picrate x 250. a 
Fig. 44—Same as Fig. 43, with Additional Heating at 1050 + 15 Degrees Cent hvd 
Hours. Etch (1) 10 Per Cent HCl plus HO... (2) Boiling Sodium Picrate : 
Fig. 45—-Detail of Residual Cobalt-rich Area in Specimen Shown in Fig. 44 utche Cer 
in 10 Per Cent HCl plus HeQs. x 1000. “ 


Fig. 46—Detail of Residual Area of the Delta Phase in Same Specimen 
in Boiling Sodium Picrate. < 1000. 
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ed, the resulting microstructure indicated a narrow range of 
position for this phase. The composition may extend from 45 
17 per cent tungsten but certainly is of no wider range. The 

ucture shown in Fig. 43 is that of the 47 per cent tungsten alloy 

sintered 75 hours at 1425 to 1450 degrees Cent. (2600 to 2640 
degrees Fahr.). In the lighter cobalt-rich phase the characteristic 
twinning bands can be seen. A sodium picrate etch had darkened 
the scattered areas of the delta phase. 

\fter heating at 1050 + 15 degrees Cent. (1920 degrees Fahr. ) 
for 75 hours the reaction has so far progressed as to leave only a few 
scattered spots of the two original phases ( Fig. 44). The small 
round black spots scattered throughout the field are cavities which 
ways occur in alloys formed by sintering. Near the center and 

side of the field are seen two dark areas of irregular outline 
which represent residual delta, colored by the sodium picrate etch. 
Below these spots to the left and right, appear two of the cobalt- 
rich phase. The banded arrangement of the first epsilon precipitate 
is still to be seen in these latter areas (Fig. 45), especially at higher 
magnifications. In Fig. 46 is shown a small area of the residual 
delta phase surrounded by the solid field of epsilon. 

Since the remaining sources of cobalt and tungsten necessary 
to complete the reaction are at this stage so remotely separated it 
is improbable that the reaction could be brought to completion in any 
reasonable length of time. 

While the evidence furnished by the microstructure is not con- 
clusive it indicates that the composition limit of the epsilon phase 
on the tungsten-rich side lies at about 47 per cent tungsten. This 
corresponds closely with the theoretical composition of intermetallic 
compound Co,;W, (47.1 per cent tungsten). 


F 
: | 


In compositions richer in tungsten than 70 per cent no changes 


below 1650 degrees Cent. (3000 degrees Fahr.) were indicated either 


~ —_— — 
| Sh 


by the microstructures or the diffraction patterns. 


X-RAY DIFFRACTION PATTERNS 


In Fig. 47 are shown the characteristic patterns of pure cobalt 
made from specimens of the hydrogen-reduced powder. The upper 
pattern (47-A) represents the face-centered cubic form produced by 
hydrogen reduction of the oxide at a temperature of 900 degrees 
Cent. (1650 degrees Fahr.) and cooled in hydrogen to room tem- 
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Fig. 47-A—Cobalt Metal Powder Reduced at 950 Degrees Cent. (1740 D 
tor Hours 

Fig. 47-B—Cobalt Metal Powder Reduced at 950 Degrees Cent. (1740 
Fahr and Re-heated at 1200 Degrees Cent. (2190 Degrees Fahr.) for 15 H 


Fig. 47-C—Cobalt Metal Powder (Part of Specimen 47-A) 
lemperature. 


evrees 


Hammered 


Fig. 48-A—Upper Cobalt Metal Powder Reduced at 950 Degrees Cent. 


grees Fahr.). Lower—Cobalt plus 35 Per Cent Tungsten, Sintered 1425 to 
grees Cent. (2600 to 2640 Degrees Fahr.) for 50 Hours. 

Fig. 48-B—Cobalt, 50 Per Cent, Tungsten, 50 Per Cent, Sintered 1425 
grees Cent. (2600 to 2640 Degrees Fahr.) for 50 Hours. 

Fig. 48-C—Tungsten, 68 Per Cent, Cobalt, 32 Per Cent. 


Formed as 48-b 
Fig. 48-D—Tungsten, 80 Per Cent, Cobalt, 20 Per Cent. Sintered 1425 to 

Degrees Cent. (2600 to 2640 Degrees Fahr.) for 25 

Cent. (2820 to 2910 Degrees Fahr.) for 25 Hours. 
Fig. 48-E—Tungsten, 90 Per Cent, Cobalt, 10 Per Cent. Sintered as 48-D 
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ure. A second part of this same specimen was subsequently 

d at 1200 degrees Cent. (2190 degrees Kahr.) in hydrogen for 

ral hours. This pattern (47-B) contains the lines of both the 

centered cubic and the hexagonal close-packed lattices. By 
mmering a third portion of the original metal powder, a pattern re- 
ts (47-C) which is almost exclusively that of the hexagonal form. 

Solid solutions of tungsten in cobalt made by sintering the 
pre ssed powders at 1400 to 1450 degrees Cent. (2550 to 2640 degrees 
Kahr.) for 50 hours yield the pure face-centered cubic pattern only 
when the tungsten composition exceeds about 30 per cent. Alloys 
formed in this manner are especially suitable for diffraction patterns 
because of their relatively small grain size. The alloys made by 
melting result in spotty patterns. It was found possible to produce 
the solid solutions of cobalt containing 10 per cent and 20 per cent 
tungsten by mixing the oxides and reducing the mixture at 1050 
degrees Cent. (1920 degrees Fahr.), thus eliminating the pressing 
operation. The patterns from metal so treated proved to be those 
of the pure face-centered cubic form. By re-heating portions of 
such specimens to successively higher temperatures the approximate 
location of the line OD in the constitutional diagram (Fig. 1) was 
confirmed. 

By the addition of 35 per cent tungsten to cobalt the field of the 
face-centered cubic form appears to be extended upwards to the 
temperature of the solidus. The parameter of the face-centered 
cubic lattice is expanded as shown in Fig. 48-A in which the patterns 
of cobalt and that of the 35 per cent tungsten solid solution were 
recorded by one exposure on the same film. Approximate measure- 
ments of the patterns from three separate specimens of this com- 
position resulted in a value of 3.581 + 0.006 A for the edge of the 
elementary cube. This represents an increase of about 1.9 per cent 
over the corresponding dimension (3.512 A) in the lattice of pure 
cobalt. 

The diffraction patterns obtained from compositions between 
30 and 90 per cent tungsten and treated at temperatures above 1100 
degrees Cent. (2010 degrees Fahr.) are shown in Fig. 48. 

Lines of the delta pattern become visible when the tungsten con- 
tent exceeds some 40 per cent. In Fig. 48-B this pattern occurs along 
with that of the cobalt-rich solid solution. 


In Fig. 48-C is shown the most completely developed pattern 
observed as representative of the delta phase. The lines of the 
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Fig. 49-A—-Upper—Cobalt, 65 Per Cent. Tungsten, 35 Per Cent. Sintered 1425 | 
1450 Degrees Cent. (2600 to 2640 Degrees Fahr.) for 50 Hours. Lower—Cobalt 
Per Cent, Tungsten, 42 Per Cent. Sintered 1425 to 1450 Degrees Cent. (2600 to 264 
Degrees Fahr.) for 50 Hours, Re-heated 1050 + 10 Degrees Cent. (1920 Degrees Fah: 
tor 50 Hours. 

Fig. 49-B—-Cobalt, 50 Per Cent, Tungsten, 50 Per Cent. Sintered 1425 
Degrees Cent. (2600 to 2640 Degrees Fahr.) for 50 Hours. Re-heated 
Degrees Cent. (1920 Degrees Fahr.) for 150 Hours. 

Fig. 49-C—Cobalt, 70 Per Cent, Tungsten, 30 Per Cent. Sintered 1425 
Degrees Cent. (2600 to 2640 Degrees Fahr.) for 50 Hours. Re-heated 
Deerees Cent. (1875 Degrees Fahr.) for 5 Hours. Two Lines of Cobalt-rich Sol 
Indicated Above this Pattern 

Fig. 49-D—Same as 49-C Re-heated 1025 + 15 Degrees Cent. for 50 H 


tungsten pattern are easily visible in next pattern (48-D) and be- 
come prominent in the pattern from the 90 per cent tungsten alloy 
(48-E). 

selow 1100 degrees Cent. (2010 degrees Fahr.) the epsilo 
phase exists together with the cobalt-rich solid solution in the range 
of composition between approximately 3 and 45 per cent tungsten 

Its pattern is seen in the lower half of Fig. 49-A as formed in 
a 42 per cent tungsten alloy at 1050 degrees Cent. (1920 degrees 
Fahr.). At this temperature the concentration of tungsten in the 
cobalt-rich solid solution has decreased to about 25 per cent. The 
resulting change in parameter of the solid solution lattice is visible 
in the lower pattern of this figure. 

A well-developed pattern of the epsilon phase is shown in Fig 
49-B. In the following patterns (Fig. 49-C, D) several lines of the 


epsilon phase appear along with those of the face-centered cubi 
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50-A—Cobalt plus 30 Per Cent Tungsten. Sintered 1425 to 1450 Degrees 
(2600 to 2640 Degrees Fahr.) for 50 Hours. Rockwell C32 
g. 50-B—-Same. Aged 600 Degrees Cent. (1110 Degrees Fahr.) for 1 Hour. ( 
50-C—Same Aged 600 Degrees Cent. (1110 Degrees Fahr.) for 5 Hours. C-3 
50-D—Same. Aged 600 Degrees Cent. (1110 Degrees Fahr.) for 25 Hours. C 
0-E—Same. Aged 600 Degrees Cent. (1110 Degrees Fahr.) for 100 Hours, C 


) 
0 


cobalt-rich solid solution. This specimen after its preliminary treat- 
ment at 1425 degrees Cent. (2600 degrees Fahr.) was heated at 
1000-1025 degrees Cent. (1830-1880 degrees Fahr.) for 50 hours. 
(he epsilon phase will appear in the microstructure as the lamellar 
formation seen in Fig. 32. 

lf the precipitation of the epsilon phase is carried on at a lower 
temperature (i.e., 600 to 700 degrees Cent.) by prolonged heating, the 
relatively large quantity of precipitated epsilon results in a pattern 
of this phase (Fig. 50-D). This is increasingly noticeable in com- 
positions richer than 15 per cent in tungsten. 


\ge hardening at 600 degrees Cent. (1110 degrees Fahr.) in a 


30 per cent tungsten alloy is accompanied by the changes in dif- 


traction pattern seen in the series of Fig. 50. 
The first pattern (A) is that of the sintered alloy having a Rock- 
well hardness number of C 32. <A few lines of the hexagonal form 
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persist in this specimen despite the 50 hours of sintering 
to 1450 degrees Cent. (2640 degrees Fahr.). 

After aging for 1 hour at 600 degrees Cent. with a r 
rise in hardness to C 35, the pattern assumes a decidedly 
appearance. ‘The lines appear to be less diffuse and a scatterin; 
reflected target images occurs over a considerable length of the , 
tern. After heating at 600 degrees Cent. for 5 hours some full lines 
of the epsilon phase have developed and the “spotty” reflections have 
greatly diminished both in number and in intensity. Of the original 
pattern at least the second and third lines appear to have maintained 
their position. 

At the end of 25 hours the reflections of the normal epsilon 
pattern appear to be well-developed though this is as yet incomplete, 
Note that in this pattern the second of the face-centered cubic lines 
is entirely absent. The last pattern (50-E) is that from a specimen 
aged at 600 degrees Cent. for 100 hours and represents the alloy at 
about maximum hardness. The pattern is now fairly complete as 
will be obvious by comparison with that in Fig. 49-B. 

The computed interplanar spacings from the patterns of the delta 
and epsilon phases were compared with the plots of Hull and Davey 
in an attempt to determine the crystal lattices of these phases. In 
the case of the delta phase the first ten lines matched almost exactly 
the theoretical positions demanded by a simple triangular lattice with 
an axial ratio of 1.40. Three reflections between the tenth and six- 
teenth spacings on the chart are barely visible in the pattern. 

The interplanar spacings from the epsilon pattern correspond 
closely with those plotted for the face-centered tetragonal lattice with 
an axial ratio between 1.32 and 1.28. In this case, two reflections 
fail to appear between the spacings 1.47 A and 1.20 A, correspond 
ing to the tenth and eleventh lines in the pattern. 

While these data are not sufficiently complete to identify with 
certainty the lattice types, it is included for purposes of comparison 
with more exact determinations which may possibly be made at some 


future time. 


HARDNESS CHARACTERISTICS 


The hardness of the cobalt-rich solid solutions rises continu- 
ously with the addition of tungsten up to the limit of saturation at 
about 38 per cent tungsten. 

As indicated by the lower curve in Fig. 51 the first additions 
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xsten appear to be somewhat more effective in hardening than 


case after the tungsten content has exceeded 15 or 20 per cent. 


It is possible that this effect is connected with the allotropic 


es which must occur to some extent in these compositions, 


HARDNESS OF COBALT-TUNGSTEN 
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Fig. 51—Diagram Showing Harden 
ing Versus Tungsten Content. 
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Fig. 52—Diagram Showing Age-hardening. 


when cooled from 1400 degrees Cent. (2550 degrees Fahr.). Due 

to the slow rate of diffusion in these solid solutions it 1s unneces- 

sary to quench from the elevated temperatures (1400-1450 degrees 
nt.) in order to maintain the supersaturated state. 

Upon re-heating at a temperature of 500 degrees Cent. a slow 

but continuous increase in hardness sets in (Fig. 52). This hard- 
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ness increase, accompanying the precipitation of the epsilor 
goes on more rapidly at higher aging temperatures. A fte1 
at 550 degrees Cent. (1020 degrees Fahr.) for 400 hours ha 
of a 35 per cent tungsten alloy has increased from Rockwell ( 


to C 63. The Brinell numbers of this alloy in the correspondii 


Diagram Showing Age-hardening 


Fig. 54——-Diagram Showing Age-hardening 


ditions were 295 and 690. This hardness is the maximum observed 


in any of the solid-solution alloys prepared by pressing and sintering 


A somewhat higher hardness was developed by a 35 per cent 
tungsten alloy prepared by melting and subsequently rolled. This, 
after aging at 600 degrees Cent. for 200 hours in the rolled condition. 
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sf 
Table I 
. Hardness of Cobalt-Tungsten Alloys Sintered 
larcdnes 1400-1450 Degrees Cent. (2550-2640 Degrees Fahr.)—2 Hours 
\ J) Hardness as Quen hed Maximum Hardness by Aging 
tion Rockwell ¢ Brinell Rockwell ¢ srinell 
R IRS 
~ NA r() 10 ) Qn 
om W 35 41) g 
15%, W 6.0 55 { 1 
\% W ef a 70 2 Q 
% W 29.0 R0 : 400 
2% W oa. 285 61 £20) 
W ok Ae 29 63.0 H920 
Table Il 
Age-Hardening in Alloy of Cobalt + 35 Per Cent Tungsten 
emperature 550° ( Temperature 600° C. Temperature 700° ¢ remperature 800° C 
Rockwell ¢ Brinell Rockwell C Brinell Rockwell C Brinell Rockwell ¢ srinell 
; 50 480 53 00 
6 f) 12.5 270) 56 4 Q Ri) 
R s y15 57 60 / 60 
0 60.0 615 »8 85 18) 
+7 iin 61.0 620 59 600 +4 1 
490 61.5 630 ) 600 | 471) 
61 620 62.0 645 ) 600 
60U 
hy 690 
ered 1400-1450 degrees Cent. (2550-2640 degrees Faht ) Hours 
| kwell ( 33 
Table Ill 
Age-Hardening in Alloy of Cobalt + 35 Per Cent Tungsten Rolled at 800 to 1000 
Degrees Cent. (1470 to 1830 Degrees Fahr.)—75 Per Cent Reduction 
\ 
lemperature 600° C Temperature 700° ¢ Temperature 800° ¢ 
Rockwell ¢ Brinell Rockwell ( Brinell Rockwell ¢ Brinell 
3 60 610 61 65 
18 $415 62 670 62 67 
+S SR5 63 690) 63 68 
62 635 64 720 60 619 
64 720 64 730 2 () 
6 770 65 770 
f 770 64 710 
Hardness as-rolled 
Rockwell C 39, 
nell 330 
this alloy prepared by melting in a hydrogen atmosphere 
served ae 
tering 
r cent increased in hardness from C 39 to C 65. Brinell 330 to 770. The 


his, ‘ging characteristics of the alloys in general are listed in Tables 


dition. I] and [I]. 
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No positive softening during the first stages of aging 
be detected although at 500 and 550 degrees Cent. the hard; 
mains unchanged for the first two or three hours. In some spe 
a decrease in hardness of a full point on the Rockwell “( 
was observed after the first hour at 550 degrees Cent. In others 
of the same composition, however, this did not occur. The dat 
in constructing the curves in Figs. 52, 53, and 54, are the average 
of four readings on each of six specimens. With the use of materia 
of more nearly uniform hardness and a sufficiently large number 


specimens the detection of a positive decrease in hardness during th 
early stages of aging might be possible. 

As compared to the corresponding solid solutions of the iron 
tungsten alloys those in the cobalt-tungsten system develop a maxi 
mum secondary hardness higher by some 50 per cent. While age- 
hardening begins at about 100 degrees Cent. lower in the cobalt 
tungsten system than in the iron-tungsten, the hardness of the latte: 
appears to be less persistent at temperatures of 700 and 800 de- 
grees Cent. 


RESISTANCE MEASUREMENTS 





For the purpose of determining the solid solubility of tungsten 



















in cobalt at temperatures between 800 and 550 degrees Cent. meas- 
urements of electrical resistance were made on a series of wires. The 
wires as noted previously were made from the hydrogen-melted met- 
als, by hot rolling, swaging, and drawing to a finished diameter 
which varied among the several lengths between 0.0250 and 0.0251 
inch. 

To insure the formation of the single-phase solid solution the 
wires in 6-inch lengths were heated at 1150 to 1200 degrees Cent 
(2100 to 2190 degrees Fahr.) for 15 hours in hydrogen and cooled 
quickly in hydrogen to room temperature. During this heating the 
wires were packed in silica tubes and consequently were relatively 
straight when removed from the furnace. 

Three specimens of each composition were used in all the meas- 
urements undertaken, each individual having a distinctive marking 
so that the resistance of any particular wire could be followed 
throughout subsequent heat treatments. 

The wire as mounted for measurements was held straight in 
grooved supports by bakelite clamps and the currrent contacts made 


at either end through metal clips. The potential leads were taken 
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wo metal V-shaped knife edges which were fixed in a bakelite 
t upon the wire specimen. In series with the specimen was a 
le resistance and also a standard fixed resistance unit of 0.1 

\ current of about 0.1 ampere was supplied from a source 
irly constant voltage. By means of a galvanometer and Type | 
tiometer, the potential drops across the standard resistance and 
s the wire between the knife edges were measured alternately to 


millivolt. Three separate readings on the standard and two on 


OBSERVED DENSITY 
DENSITY COMPUTED By 


FOR MIXTURES 
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g Diagram Showing Fig. 56—Diagram Showing Density 
fic Resistivity Versus Tung Versus Tungsten Content 
Content 


the specimen were taken at each setting. The wire in its mounting 
was immersed in a kerosene bath, kept at a temperature of 25 + 0.2 
degrees Cent. 

A value of 10.5 (+ 0.1) x 10° ohms was obtained for the 
specific resistivity of the cobalt. This is an average from measure 
ments upon twelve specimens. According to the work of Kalmus and 
Harper® the specific resistivity of pure cobalt at 18 degrees Cent. is 
8.964 x 10°® while the value of 9.7 x 10°° appears in the International 
Critical Tables. The impurities (about 1 per cent) known to be 
present in the cobalt used in this work no doubt account for the 
higher value obtained for the specific resistivity. 

The relation between tungsten content and specific resistivity 
is shown by the curve in Fig. 55, while the resistivity values of the 


series of compositions are listed in Table IV. 


\ series of wires from the alloys containing 3, 5, and 10 per 


cent tungsten after annealing at 1150-1200 degrees Cent. (2100-2190 
degrees Fahr.) and rapidly cooling were used to locate the limits of 


the solid solution field below 800 degrees Cent. (1470 degrees Fahr.) 
(Line KP in Fig. 23). 
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Table IV 
Specific Electrical Resistivity at 25 + 0.2 Degrees Cent. 
Diameter of Wire 0.02505 + 0.00005 Inch 
Measured Length 3.990 Inch 







Specific Resistivity + 0.1 Ohms x 10-* 


Composition 
10.5 Cobalt it 
20.1 Cobalt + 3% W | 
25.5 Cobalt + 5% W 
37.6 Cobalt + 10% W a 
54.0 Cobalt + 20% W oe 
62.9 Cobalt + 25% W 
70.1 Cobalt + 30% W 


Wires annealed 1400 degrees Cent. (2550 degrees Fahr.) for 15 hours and cx 
to room temperature 



















































































































was I 
Resistance in Ohms of Wires After Re-Heating in Hydrogen for 100 Hours at Designated 
Temperature Measured at 25 + 0.2 Degrees Cent. 
As Annealed ————————_ Re heated 100 Hours at . 
1150-1200 800 + 10 700 + 10 600 + 10 550 + 10 
Degrees Cent. Degrees Degrees Degrees Degrees 
(2100-2190 Cent. (1470 Cent. (1290 Cent. (1110 Cent 
Degrees Degrees Degrees Degrees Degrees 
Composition Mark Fahr. ) Fahr.) Fahr.) Fahr. ) Fahr. ) 
Cobalt Co-67-1 0.0334 0.0336 0.0336 0.0336 0.0334 
2 0.0346 0.0348 9.0348 0.0346 0.034¢ 
3 0.0348 0.0347 0.0349 0.0348 0.0347 
Ave. 0.0343 0.0344 0.0344 0.0343 0.0342 
W-Co-50-1 0.0662 0.0661 0.0659 0.0664 0.0658 \ 
a 0.0652 0.0650 0.0649 0.0651 0.0649 \ 
3 0.0664 0.0662 0.0664 0.0665 0.0663 D 
) 
0.0659 0.0658 0.0660 0.0660 0.0657 I ~ 
0.0820 0.0821 0.0820 0.0744 0.0717 
2 0.0819 0.0821 0.0820 0.0735 0.0709 
0.0821 0823 0.0822 0.0746 0.072 
0.0820 .0822 0.0821 0.0742 0.0715 uren 
W -Co-66-1 0.1209 0.0865 0.0710 0.0648 mine 
a 0.1216 0.0865 0.0705 0.0645 decor 
3 0.1206 0.0865 0.0704 0.0643 a? 
(} 
0.1210 0865 0.0706 0.0645 
seen 
Tl “ f each c ous a] ‘ith wires of cobalt +] 
iree specimens ot each composition along W ith wires of cobal he 
for a control were heated for 100 hours at 800 degrees Cent. (14/0 Har 
degrees Fahr.) in a hydrogen atmosphere and cooled quickly to room swa 


temperature. The resistance was then measured as described above. 
As may be noted on the first columns of Table V, the resistance ot 
the 10 per cent tungsten alloy has decreased during this treatment 


by some 30 per cent. The other compositions show no changes ex 





ceeding + 0,0003 ohms which figure represents the degree o1 a 
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expected from these measurements. rom this fall in resistance 
he concluded that the composition in question lies at SOO de 
Cent. in the two-phase field. 
subsequent heatings at 700, 600 and 550 degrees Cent. result 
change in the 5 per cent tungsten specimen but have no measur- 
ble effect upon the resistance of the wire containing 3 per cent 
sten. 


DENSITY DETERMINATIONS 


Density determinations were made upon several specimens of 
t metal. as-cast, as-rolled, and as-rolled and annealed. ‘The metal 


was melted in hydrogen and each specimen used for the density meas- 


-signated Table VI 
Density of Cobalt Metal Expressed in Terms of Density of Water at 
4 Degrees Centigrade 


Specimen Density 


\ 8.811 


B 8.816 


( S 235 
D 8.836 


k 8.827 


History OF SPECIMENS 


065 ind B—From separate lots of metal as melted and solidified in a hydrogen atmosphere. 
0649 Metal prepared as “‘A”’ and ‘“‘B”’ then rolled at about 1000 degrees Cent. to 
0663 F nt reduction in cross-sectional area. 

[Treated as “C’’ and annealed 1100 to 1200 degrees Cent. (2 2190 
0657 ahr.) for 15 hours 


pet 
degrees 


Annealed 1400 to 1425 degrees Cent. (2550 to 2600 degrees Fahr.) for 15 hours 


urements weighed about 25 grams. The weight in air was deter- 


mined to + Q.000O1 gram, and in distilled water (at 25 + 0.3 


degrees Cent.) the weight could be measured with an accuracy of 
0.0003 gram. 
Che resulting values (8.81-8.83) are listed in Table VI. These 


seem to be in fair agreement with the value of 8.97 calculated from 
cobalt the X-ray data as noted previously. (See page 407.) Kalmus and 
(1470 Harper report the density of pure cobalt as annealed, 8.810 and as 
» room swaged 8.925, 
above. The measured densities of a series of cobalt-rich solid solutions 
nce of containing up to 35 per cent by weight of tungsten are listed in Table 
utment VII. In the second column of this table are the density values com- 
eS eX puted by the rule of mixtures. The density is plotted against tung- 


ot at sten content in Fig. 56. The observed density becomes increasingly 

















Table VII 
Densities of Cobalt-Tungsten Alloys Expressed in Terms of 
Density of Water at 4 Degrees Cent. 


Density Computed by Rule for Mixtures 










Density (Density of Co 8.83) Computed f{ 
Composition (Observed) (Density of W 19.3) Diffract 
Cobalt Sr ee eee re Cae unmiage ss rx => 
Co + 10% W 9.34 9.34 
Co t 20% W 9.98 9.90 
Co + 30% W 10.71 10.52 
Co + 35% W eal 10.89 


Alloys made by melting in hydrogen, rolling to 75 per cent reduction in cr 
annealing at 1400-1425 degrees Cent. (2550 to 2600 degrees Fahr.) for 15 hours a 
ing in water. 


greater than the calculated density as the tungsten content rises above 
10 per cent by weight. This difference amounts to some 2 per cent in 
the solid solution containing 35 per cent tungsten which concentration 
is near the saturation limit of the solid solution. Using the value 
3.581 A for the edge of the elementary cube the density computations 
on the basis of replacement for the 35 per cent tungsten solid solution 
result in the figure 11.14. As listed in Table VI the density of this 


composition as determined by the method of weighings is 11.11. 







PRACTICAL CONSIDERATIONS 


Cobalt-tungsten alloys ranging in composition from 20 to 35 per 








cent tungsten have been in use for some time as swaging dies for th 
hot working of tungsten metal. 

These dies are prepared by pressing the mixed powders and sin- 
tering for two hours at 1400 to 1450 degrees Cent. (2550 to 2640 de- 


grees Fahr.). After the sintering operation the alloy blocks are 












machined to the desired shape and dimension and then aged at 650 
degrees Cent. for about 50 hours. 

Any of the compositions within the range from 20 to 35 per 
cent tungsten resist wear in the tungsten swaging operations much 
better than any alloys previously used for this purpose. The composi- 
tion 80 per cent cobalt, 20 per cent tungsten appears to be the most 
satisfactory. This alloy does not exhibit the tendency to chip in serv- 
ice which is shown to some extent by the compositions of 30 and 35 
per cent tungsten. 

Although the hardness of the 20 per cent alloy after aging is but 
C 50 to 52, the dies will hold their original size over months of con- 
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s use. The only change in dimension observed is a slight de- 

in diameter of bearing which is remedied by relapping to size. 

wv of the elevated temperatures 1200 to 1500 degrees Cent. 

to 2730 degrees Fahr.) of the tungsten metal upon which these 
vork, the alloys appear to possess remarkable resistance to defor- 
nat high temperatures. 
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of this 


1. 
DISCUSSION 


Written Discussion: By Robert F. Mehl, Director Bureau of Metal- 
lurgical Research, Carnegie Institute of Technology, Pittsburgh. 
lt might here be recorded that G. Wassermann has recently studied the 
lid-solid transitions in cobalt (Metallwirtschaft, Vol. 11, 1932, pp. 61-65). It 
s found that cold-rolled cobalt was hexagonal in structure, possessing a pre- 
nd sin- ferred orientation similar to that of cold-rolled zinc and cadmium. This fiber- 
40 de- structure was retained on heating to 450 degrees Cent. At higher temperatures, 
however, a cubic structure (beta) quickly appeared, a structure retained both 
on quenching or slow cooling to room temperature. To transform this unstable 
structure to the stable hexagonal (alpha) structure it was found necessary to 
old-roll. The temperature of the alpha-beta transition was accordingly found 
be somewhat above 450 degrees Cent. To establish this temperature more 
much accurately Wassermann made dilatometric measurements during the heating of 
1/] 


my rolled sheet; these measurements showed a discontinuity between 400 and 
MOSIi- - 


480 degrees Cent. badly spread, probably because of superimposed effects orig- 
e most . ; 
ng in the cold work. In any event, the alpha-beta transformation may be 


i S€TV- ken to be about 450 degrees Cent. 


ind 35 Cobalt rolled between 450 and 1015 degrees Cent. is cubic, when rolled 


1015 degrees Cent. or when rolled between 450 and 1015 degrees Cent. 


as fia leated above 1015 degrees Cent. is hexagonal, and when rolled at room 
S ULL 


c . a. I ° S J : i 
yt con Howard L. Hopkins is at present a research metallurgist with the U. S. Aluminum 
ny at Cleveland, Ohio. 
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temperature is again hexagonal. 
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fae ALS. Be 7, 


Cast cobalt, however, is pure hexas 


cooling rapidly, therefore, it appears that the high temperature hexagon 


(gamma) passes into the low temperature hexagonal phase (alpha) 


identical 


to it 


without passing through the intermediate beta phasi 


behavior seems unique. 


The reluctance characteristic of the gamma-beta and beta-alpha tra 


ations is not at all surprising. The heat of transformation is apparent 


small (and presumably also the free energy change), the volume chang: 


small (the space occupied by one atom in the beta phase is 10.83A*, and 


atom in the alpha phase is 11.01A°.), and the arrangement of the atoms 


is nearly 


seems quite certain that the transformation proceeds by a Widmanstitt, 


alike. 


Although the problem has not been completely 


allal er 


mechanism (Wassermann, above), nuclei of the hexagonal alpha phase fory 


ing with the basal (00.1) plane upon and nearly coincident in atom posit 


pe 


with the octahedral plane of the beta phase. Such a transformation mec} 


ism, because of 


symmetry of the two kinds of lattices, involves but little atom displacement. 


the near identity of the interatomic distances and _ th. 


wy? 





near 


results in but little distortion, and, accordingly, the velocity of the transitio) 


is not catalyzed 


large numbers of 


(or more properly, autocatalyzed) by distortion setting 
nuclei, 


The beta-alpha transformation is thus quite sluggish. It might well 


} 
1)e 


expected, therefore, that Mr. Sykes found no evidence for this transtormatio1 


in the cobalt-tungsten system,—at least I judge he did not, for I find no n 


tion of such transitions in his paper. Cold working of cobalt-rich alloys, | 


Now 


Ie] 


ever, might initiate the change and lead to extensive property change. May 


ask whether any 


evidence along this line has been obtained? 


Mr. Sykes’ excellent photomicrographs offer interesting information con 


cerning the mode of segregation of a phase from a solid solution, a subject s 


important in the study of precipitation-hardening systems. Figs. 29, 31, 38, 24 


But 


) 


~ 


25, 26 all show nicely defined Widmanstatten figures,—Fig. 29 especially 


other structurés, not clearly Widmanstatten figures, are no less interest 


1 


No 


id 


The complete study which Mr. Sykes has made on the 30 per cent tungsten al 


| 


Oy 


affords an opportunity to study the sequence of structural changes with gradually 
changing heat treatment. 


Although these structures may not be wholly comparable (Figs. 31, 32 


were taken of samples initially quenched from the beta-field, whereas the re 


mainder were taken of samples presumably furnace-cooled from the beta-field 
a gradual structural transition from a well-defined Widmanstatten figure to 
in which no Widmanstatten structure (in which indeed the eta-phase cannot 


he identified with certainty) may be seen. In this latter structure (Fig. 41), 
however, it seems evident that a deep-seated crystallographic transformation 1s 
in process, and since it is with this heat treatment that maximum aging effects 
are formed, it is a structure well worth crystallographic study. 
shown in Figs. 39, 


such structures in an age-hardening system would appear to make this system 


and also the system studied previously by Mr. Sykes, iron-tungsten, iron-mol 


denum—particularly suited to a study of the age-hardening mechanism. 





lit 


} 


The structures 
40, 41, 42 are distinctly new; the possibility of obtaining 


Vp 
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night be noted that the construction of the upper limit of the field (Fig 
through an oversight been incorrectly drawn, tor this field must impinge 
e peritectoid horizontal KN in a single point to satisfy conditions of 
neous equilibrium. 
\. Kempr:' Mr. Sykes spoke about the necessity for relapping dies 
about 20-35 per cent tungsten, balance cobalt, after they had been 
e for some time. I wonder if this necessity for relapping is not more 
volume changes than to the building up of tungsten oxides as suggested. 
irdness of the dies as put into service in quenched and aged condition is 
as about C50 to 52 which, according to Mr. Sykes’ curves, is about the 
um attainable with this concentration of tungsten. It is quite conceivable 
during continuous operation at elevated temperatures, precipitation or ag- 
neration of the tungsten phase should continue with the possibility of ac- 
inving volume changes. 
(hat the conditions necessary for a decrease in density of these cobalt solid 
tions upon aging are present would seem to be indicated by the density 
easurements of Table VII. It may be noted that the density of the quenched 
solid solutions is increasingly greater as the tungsten content increases to 35 per 
cent. than the density computed by the rule of mixtures. This suggests that 
the density of the quenched alloy might decrease upon continued aging and more 
early approach the density computed from the rule of mixtures as the com- 
pletely annealed condition is attained. 
These phenomena are quite common in age-hardening aluminum alloys. In 
process of the aging or operation at elevated temperatures many of the 
luminum solid solutions will attain a maximum hardness with little or no 
hange in density but on continued aging will show decreasing hardness and 
decreasing density. 
P. H. Brace:* The author, in his Fig. 1, showed the upper transition 
int, ie., allotropic change, in pure cobalt at approximately 1100 degrees Cent. 
| progressing upward as the tungsten content increases. The magnetic 
change in pure cobalt occurs in the same temperature region and I am wonder- 
ing whether or not any investigations have been made to show whether the 


magnetic change occurs at progressively higher temperatures with increasing 


Author’s Closure 


he volume increase suggested by Mr. Kempf is possibly the explanation 
the observed changes in the bearing diameter of these dies after prolonged 
rvice at elevated temperatures. 
> 41). | am at present unable to supply any data on the magnetic properties of the 


¢ obalt-tungsten alloys since no measurements of this sort were attempted in 
10n 1s ; 


nnection with this investigation, nor, so far as I know, have results of any 


eiects 


a measurements been published. 
ictures 


taining 
\ 


nee luminum Research Laboratories, Aluminum Co. of America, Cleveland, Ohio. 
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A LOW INTERNAL STRESS HEAT TREATME\A 
By CHARLES W. BriGcGcs 
Abstract 


The phenomenon of aging is used to increase t/ 
strength and hardness of steel. The heat treatment pre 
paratory to aging consists of heating the material jy 
below the critical range and quenching in water. T) 

material is allowed to age either at room temperatur 

at slightly elevated temperatures for a predetermined tim 

The lower the aging temperature the greater the tin 
that is required to reach the maximum hardness, and als 
the greater the hardness obtained. 

Cast steel both in the as-cast and annealed conditio 
shows a large increase in yield point, tensile strength, and 
hardness without losing much ductility over that as found 
in the as-cast condition. 

Low stress heat treatment can be readily applied to 
very irregular and intricate castings where the expansion 
and contraction obtained on heat treatment may result in 
serious injury to the casting. 


- He possibilities of the use of age hardening as a low interna 
stress heat treatment look exceptionally encouraging when various 
types of intricate and complex steel castings are considered. The 
term “low stress heat treatment” is used in referring to heat treat- 
ment that takes place below the critical range. The usual type of heat 
treatment, especially that of hardening, involves the setting up of 
internal stresses of various magnitudes in steel. These, of course, 
are due in general to stresses arising from the contraction and ex- 
pansion of the steel traversing the critical range, because it is often 
the case that a portion of the object may be contracting while another 
portion may be expanding. This is especially true in quench hard- 
ening. The possibility of the simultaneous existence of contraction 
and expansion does not exist in the heat treating operation below the 
critical range, and hence the term low stress heat treatment. 
Several noteworthy textbooks, in discussing the hardening ot 
steel, have definitely pointed out that in order to harden steel it 1s 


A paper presented before the Fourteenth Annual Convention of the soctet) 
held in Buffalo, October 3 to 7, 1932. The author, Charles W. Briggs, a mem- 
ber of the society, is associated with the Naval Research Laboratory, Drvision 
of Physical Metallurgy, Bellevue, Anacostia, D. C. Manuscript received Sep- 
tember 8, 1932. 


424 










LOW INTERNAL STRESS TREATMENT 425 


iry to heat it above its critical range and then cool quickly, as 
ttempt at hardening by cooling suddenly from a temperature 

its critical range would result in but a very slight, if any, in- 

of hardness. Just how much latitude is to be placed on the 
“very slight” is rather difficult to say. Nevertheless, there is 

eat treatment that involves sudden cooling from below the critical 
ange that produces important changes in the physical properties of 
the steel. This heat treatment takes advantage of those results ob- 
tained by the phenomenon of aging. The heat treatment in general 
‘s as follows: The specimen is heated to a temperature below the 








(st steel, series D, 
quenched from 680°C 
Ned BT00C 
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TI Fig. 1—Cast Steel. Series C, Quenched from 670 Degrees 
1e Cent., Aged at 100 Degrees Cent. Series D, Quenched from 680 
Degrees Cent. Aged at 100 Degrees Cent. 


Brinell Hardness 





treat- 
‘ heat critical range, preferably between 600 degrees Cent. (1110 degrees 
-* Kahr.) and the A, point, and quench in water. The specimen is then 
7 allowed to age either at room temperature or at slightly elevated 
id sit temperatures for a predetermined time. 
en No attempt will be made to go into the mechanism of aging in 
hothet this article as various investigations have given the subject consider- 
hard- able attention. All that is necessary to point out is that through cer- 
ee tain treatments the solid solubility of some of the constituents of 
‘us steel is increased and upon the duration of time these constituents 


precipitate out of the solid solubility and in so doing bring about an 
ng ol a 


i increase of hardness, tensile strength, yield point; and a decrease 
1 it is . 


of elongation, reduction of area, and impact strength of the steel. 


societ) lo show these effects a cast steel with the following analysis was 
i men- . ° “ . om 
ae used in the experimental work : Carbon 0.25 per cent, manganese 0./0 


d Sep- 


| per cent, silicon 0.34 per cent, phosphorus 0.026 per cent, sulphur 
V.028 per cent. 
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Table I 











series ( Series D Series E Ser 
OQuenched 670° C. Quenched 680° C. Quenched 686° C. Quenched 
Aved LUO” ¢ Aged 160" <. Aged 90° Aged R 
Lime Brinell lime Brinell Time Brinell Time 
As-Annealed 158 As-Annealed 159 As-Annealed 156 As-Annealk 
As-Quenched 161 As-Quenched 167.2 As-Quenched 164 As-Quench 
50 minutes 168 15 minutes 171.9 }0 minutes 168 1 day 
1 hour 168.8 10 minutes 172.8 1 hour 170.4 3 days 
l hours 168 1 hour 170.0 2 hours 170.4 7 days 
hours 16Y 134 hours 177 + hours 171 11 days 
hours 170.5 2’ hours 177 10 hours 173.4 15 days 
hours 168 + hours 167 16 hours 175.8 21 days 
+} hours 163.5 10 hours 163.9 20 hours 176.8 29 days 
( hours 166.0 20) hours 16] 28 hours 174.0 
10 hours 161.3 $4 hours 169 +4 hours 170 
22 hours 159 68 hours 168.5 68 hours 172.6 
118 hours 155.7 96 hours 174 
118 hours 172.4 
Hardness Hardness Hardness Hardness 
Ln rease 12.5 Inc rease 18.0 Increase 20.8 Incre iSé¢ 





















Brinell hardness test pieces 1 inch by 1% inches, 34 inches thick 
were cut from the cast coupon. Only one Brinell impression was 
taken on each specimen. ‘The various treatments were given th 
specimens after which they were rough polished and the Brinell 
hardness taken. [ach reading is the average of 10 measurements 
In order to obtain comparable Krinell readings, it was found neces- 
sary to anneal the test pieces at 9OO degrees Cent. (1650 degrees 
ahr.) for 1% hours before giving the quenching treatment from 
below the critical range. 
The following series of treatments were given: 


Series C. Heated for half an hour at 670 degrees Cent 
(1240 degrees Fahr.) and quenched in water at room tempera 
ture and aged at 100 degrees Cent. 

Series D. Heated for half an hour at 680 degrees Cent 
(1255 degrees ahr.) and quenched in water at room tempera 
ture and aged at 100 degrees Cent. 

Series IX. Heated for half an hour at 680 degrees Cent 
(1255 degrees Fahr.) and quenched in water at room tempera- 
ture and aged at 50 degrees Cent. 

Series F. Heated for half an hour at 680 degrees Cent. 
(1255 degrees Fahr.) and quenched in water at room tempera- 
ture and allowed to age at room temperature. 

The Brinell hardnesses as obtained are shown in Table I and are 
graphically portrayed in Figs. 1, 2 and 3. 


In Fig. 1 it will be noticed that the hardness peak comes during 
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ond to third hour of aging after which there is an over-aging 
followed by a secondary increase in hardness, though of a less 
tude than that obtained within the first 3 hours. A very small 
in the curve during the first hour is recorded. This feature 
explained as is likewise the secondary hardness fluctuation ; 
ever, these features have been prominent in all aging curves re- 


1 


d by Brinell hardness that have been obtained by the Naval 








Lrinell Hardness 











126 
Time in Hours 
Steel Series E, Quenched from 680 Degrees Cent 
grees Cent 
Research Laboratory. Herbert in [ngland, using the pendulum 
hardness tester, has obtained such variations in his aging studies. 

Those specimens aged at 50 degrees Cent. show a maximum 
hardness at about 20 hours, whereas those specimens allowed to age 


at room temperature show a hardness maximum at about 30 days. 


his curve continues to rise, but it is so gradual that 30 days can be 


taken as the proper time to reach the hardness maximum. One of 
the noticeable features is that the lower the aging temperature, the 
greater is the time that is required to reach the maximum hardness, 
and also the greater the hardness obtained. 


Table Il 
Tensile Properties of Aged Steel Castings 


Tensil Yield Elonga- Reduc 

Strength Point tion tion ot 

Lbs. Per Lbs. Per in 2 In. Area 

Treatment Sq. In Sq. In ‘ ‘ 

As cast 77,000 41,500 21.5 32.5 

Annealed at 900°C 79,000 55,000 25.5 40.2 

aled, quenched from 680°C and aged 2 at 5 85,500 63,000 19.7 33.1 

Quenched at 680°C 81.000 50.000 13: 26.1 
uenched at 680°C and aged 2 hr. at 100°C 84.000 51.000 7 ¢ 
ienched at 680°C and aged 4 hr. at 100°C 80,750 50,000 19.5 
Ouenched at 680°C 81,500 50.000 17.4 
ienched at 680°C and aged 20 hr. at 50°C 88,400 65,000 15.0 
Quenched at 680°C and aged 48 hr. at 50°C 85,500 63,000 15.5 
Quenched at 680° C 81,750 51,000 18.3 

Quenched at 680°C and aged 21 days at room temp 87,500 67,000 16.5 


Quenched at 680°C and aged 30 days at room temp. 90,500 70,500 17.0 
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Slight temperature variations just below the critical rai 
duce greater hardness on quenching. This fact is shown 
Series C and D. Thus, in order to duplicate results, the quenching 
temperature must be accurately observed. Fortunately, h 
the duplication of results is not so important as is the increase j; 
hardness, which is comparable for individual aging temperatu: 

Figs. 1, 2 and 3 show the correct aging time for maximun 
ness. With these points at hand, a minimum number of tensil: 
can be made. 

In order that the results could refer directly to the as-cast eon- 
dition, most of the tensile values were taken on the “as-cast” bars. 
and the low stress heat treatment then performed. Some low stress 
heat treatments were given cast bars that had been thoroughly an 
nealed. The low stress heat treatment was applied to the 0.505 inch 
machined specimens. The heating of the specimens at 680 degrees 
Cent. (1255 degrees Fahr.) was carried on in a nitrogen atmosphere 
followed by a water quench. The following tests were made: 

Series A. As-cast. 
Series B. Annealed at 900 degrees Cent. (1650 degrees 

Fahr.), machined, quenched from 680 degrees Cent. (1 

grees Fahr.) and aged 20 hours at 50 degrees Cent. 

Series G. As-cast, quenched from 680 degrees Cent. (1255 
degrees Fahr.) and aged at 100 degrees Cent. for 2 hours and 

4 hours. 

Series H. As-cast, quenched from 680 degrees Cent 

(1255 degrees Fahr.) and aged at 50 degrees Cent. for 20 hours 

and 48 hours. 

Series J. As-cast, quenched from 680 degrees Cent. (1255 

degrees Fahr.), aged at room temperature for 21 days and 30 
days. 


Table II gives the results obtained from tensile testing. 


When the low stress heat treatment is applied to the annealed 
cast steel better ductility properties are obtained. It is likewise again 
seen that the aging at room temperature produces the greatest tensile 
strength with an increase of 13,000 pounds per square inch above the 
“as-cast” value. The yield point increased even more, amounting 
to 29,000 pounds per square inch. In carrying out heat treating ot 
this type, the aging temperature must be carefully controlled; this 
can be seen by the fact that by increasing the temperature from 50 
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degrees Cent., the aging time drops from 20 to 2 hours, while 


the temperature from 20 to 50 degrees Cent., the aging time 
reased from 30 days to 20 hours. With a temperature of 200 

; Cent. the age hardening peak is reached in a few minutes. 
was thought that perhaps the physical properties might 
nve after a long period of time even though the aging peak had 
reached. For example, after aging at 50 degrees Cent. for 20 
hours and then allowing the specimen to stand at room temperature 


there was a possibility that the hardness might increase after a long 
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Fig. 3--Cast Steel. Series F, Quenched from 680 Degrees 
Cent. Aged at Room Temperature. 


stand at room temperature so as to approach conditions as obtained 

by simply aging at room temperature. Or again, having reached the 
maximum hardness at 20 hours at 50 degrees Cent., there was the 
possibility that the specimen might soften if it were allowed to stand 
at room temperature. To answer these questions, specimens after 
aging were allowed to stand six months. Hardness readings were 
again taken, with the result that there were no changes in Brinell 
hardness. In other words, the physical properties obtained from the 

nealed aging treatment are permanent. 

- again low stress heat treatment can be readily applied to very irregular 

tensile : and intricate castings where the expansion and contraction obtained 

ve the n heat treatment may result in serious injury to the casting. 

unting | tig. 4 shows a typical dilation curve of a low carbon steel as 

ing of recorded by Publow, Heath and Batchelor’s Bulletin 41, “Observa- 

1: this tions on the Dilation of Several Common Steels,’ Michigan State 
College, Michigan Engineering Experiment Station. In a normal 
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hardening operation, the cast steel implement expands w 

























until it reaches the critical temperature at which point cont 
takes place followed by a period of arrested contraction and 1 
more contraction at the A, point with subsequent expansion to ¢ 
temperature of 900 degrees Cent. (1650 degrees Fahr.) 
quenching from this temperature, the implement must contract to 
the Ac, point, expand to the Ac, point and then contract t 

temperature. With the nonuniform temperature condition exist 
in rapidly cooled castings, one portion of the casting may b 

tracting, and possibly contracting with different rates, while anothe; 


portion is expanding. Under such circumstances, stresses are set 
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Fig. 4—Dilatation Curve of Unannealed Low Carbon Steel. 





within the casting of such magnitudes that cracking takes place. Ii, 
however, we quench from below the critical temperature, the contrac- 
tion rate is practically uniform and stresses resulting from contrac 
tion are of minor importance and will not produce cracks. 

In cases where more ductility is required in an intricate casting 
than will be found in it as it leaves the mold, an annealing treatment 
preceding the low stress treatment should first be given. The heat- 
ing and likewise the cooling temperature of the casting should be 
varied slowly in order that there may be no temperature gradient 
throughout the casting while in the neighborhood of the critical 
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Thus we eliminate possible stresses arising from nonuniform 

-action and expansion. Castings so treated will not have as high 

ile strength as the casting that received only the low stress 
treatment, but the ductility will be more improved. These facts were 
oointed out in the experimental data. An annealed specimen which 
was given the low stress heat treatment with an aging time of 20 
; at 50 degrees Cent. had a tensile strength of 85,500 pounds 

per square inch and a reduction of area of 33.1 per cent while the 
“as-cast” specimen with the identical low stress heat treatment gave 
88.400 pounds per square inch tensile strength and 18.1 per cent 
reduction in area. From this it is seen that it would be definitely 
better to use an annealing treatment previous to the low stress heat 
treatment, as in this manner the dendritic structure is broken up by 
recrystallization. However, in some cases this cannot be done due 
to casting warpage and uneven heating that may possibly exist on 


annealing which might be detrimental to an intricate casting. 


SUM MARY 
|. Important changes in the physical properties of steel can be 
obtained by a low internal stress heat treatment, which involves 


quenching from below the critical range followed by aging. 
2. Low stress heat treatment allows for the heat treating of 


intricate castings which would otherwise fail by normal quenching 
and possibly normalizing treatment because of the formation of con- 
traction and expansion stresses. 


DISCUSSION 
Written Discussion: By Horace C. Knerr, consulting metallurgical en- 
r, Philadelphia. 
Mt 


Briggs’ paper is of great technical interest in illustrating a characte 
of steel heretofore generally overlooked. The hardening phenomenon 

demonstrated by his tests is due presumably to a solution and precipitation action 

ian, resulting from a small solubility of carbon and other elements or compounds 

a hereof below the critical Ax. 

rat lt has, of course, been well known that carbon or carbide is slightly soluble 

low the critical range and that this solubility increases with temperature. 


} 


isting lis accounts for the growth of carbide particles in quenched steel when tem- 


ment pered and which is accompanied by decreased hardness resulting from the de- 
heat. : reased keying effect of the larger particles. 

id be | The hardening shown in Briggs’ experiment is very much less than the 
ardening producible in alloys such as duralumin whose hardening is entirely 
dient iue to solution and precipitation effects. It seems reasonable to expect that 


1 ] . . . . . 
itical iderably greater sub-critical hardening might be obtained in iron alloys by 
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2 TRANSACTIONS OF THE A. S. S. T. 
the introduction of hard compound-forming elements whose solubility 
the critical temperature was greater than that of the elements ordinari 
in steel, but which were comparatively insoluble at ordinary temperatw 

The question arises, however, whether any sub-critical hardening efe 
producible in steel would be of much importance as compared with tl er 
great hardening obtainable by oil quenching from above the critical rane 
advantages which may accrue from sub-critical quenching are open to 
Mr. Briggs implies that water quenching of a casting from below the 
range is less apt to produce strains or cracking even than normalizi) 
above the critical range. One wonders whether this is actually the cas: 
mild air cooling or normalizing from above the critical range is well known ¢ 
have very substantial hardening and strengthening effects upon castings of th 
composition range referred to. Such normalizing has the advantage of rem 
ing internal strains which may have been present and if properly done is likely 
to produce no serious strains as a result of the treatment. On the other hand. 
to quench a bulky casting from approximately 1250 degrees Fahr. or a dull red 
heat, into water, would presumably set up some very severe contraction stresses 
and as the metal itself has a very much reduced strength at that temperature. 
might readily cause serious deformation or even rupture. It is well known 
to those accustomed to the heat treatment of duralumin and similar alloys that 
very serious distortion often occurs in them due to such quenching. 

Written Discussion: By C. R. Austin, section engineer, alloys and 
process section, research laboratories, Westinghouse Electric and Mfg. Co 
East Pittsburgh. 

The paper by Mr. Briggs on the sub-critical hardening of low carbor 
steels is of considerable interest and possible practical importance, and_ the 
data which he presents show a very marked increase in the yield point and ten- 
sile strength with very little corresponding loss of ductility as revealed by th 
tensile test. I believe that in steels showing a relatively low elongation in th 
unaged state, the impact test reveals more clearly any marked loss in “servic 
ductility” of the metal. No other test appears to furnish so good a criterion 
on changes in this property. 

This is well illustrated in the paper presented by the speaker earlier this 
morning. Thus by normalizing a fabricated steel the yield point was raised 
from 67,000 to 75,000 pounds per square inch, with little or no change in the 
elongation (about 26%). The Izod impact was profoundly affected because 
this increase in yield was accompanied by an increase in Izod value of about 
13 foot-pounds (4% to 17% foot-pounds). It would be of considerable inter 
est to have impact data furnished by the author of the paper on these steels 

Mr. Briggs very properly emphasizes the importance of the production 
of internal stresses of various magnitudes by the usual type of heat treatment, 
particularly those stresses induced by volume changes during rapid cooling 
through the critical ranges. Where localization of stress is possible there 1s 
a marked tendency to incipient cracking. This dilatation of steel is the bane « 
the designer of intricate shapes or of large castings. 

The age hardening of alloys is also associated with volume changes, and 
although the aging discussed in the present paper is probably accompanied by 
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lioht dilatation, the importance of the work would be enhanced if the 
could supplement his data with information on the relative dilatation due 
sformations and to age hardening. 
\c the effect of aging on the physical properties was obtained on small 
les it is of importance to check the effect of quenching rates on subsequent 
Possibly Mr. Briggs can give us some information on this point. The 
erty of aging, of course, depends on a decrease in solid solubility with 
9 temperature. It is necessary to cool sufficiently quickly after anneal- 
‘ust below the lowest critical temperature to retain certain constituents in 
solution. It would appear at first sight that at the relatively low temper- 
ture of pre-anneal the rate of cooling was not critical. However, the data 


ed in the paper indicate that the effects of age hardening are evident 










after only a few minutes at 100 degrees Cent. This would suggest that rapid 
cooling at 600 degrees Cent. was necessary to effectively retain solution of 
the aging constituents. 

In general, the findings of Mr. Briggs agree with those published by E. W. 
Ehn where the hardening is considered to be due to carbon. However, Ehn 
gives data to show that with three carbon steels containing 0.044, 0.028, and 















0.12 per cent of that element, the higher the carbon content the lower the hard 
ening effect on aging at room temperature. He does not attempt to explain 
these facts but he does state that quenching must be rapid in order to obtain 
the maximum amount of the unstable phase in solid solution. It would naturally 
be presumed, therefore, that in order to bring out the important increases in 
tensile properties noted in the paper, a rapid rate of cooling throughout the 
steel casting might be necessary. 
lhe author is to be congratulated on bringing what is practically a new 
phase of an old subject before this society. 

C. H. Herty, Jr.:* I would like to say a few words about Mr. Briggs’ 


paper 








We have been doing a good deal of work on quench aging of low and 
medium carbon steels in the rolled state. We find, for example, that as the 






carbon increases in the forged steel or rolled steel the aging effect decreases very 
rapidly so that when you get up to 0.30 or 0.40 per cent carbon there is practi- 
cally no aging from the 700 degrees Cent. quench. 





However, in Mr. Briggs’ cast steel you do get it. As soon as I received 
the paper I took a piece of rolled steel of approximately the same analysis as 


sheusd 







reported in the paper and gave it the treatment that Mr. Briggs gave and 
got no aging effect over a period of 10 days at 30 degrees Cent. 


lt seems to me that those two things are very important if you would look 












tor the cause of aging. 

In cast steel the structure is larger than in a rolled steel, and it does 
have an opportunity for precipitation of carbon. On account of the small crystal 
size, such an opportunity does not exist in the rolled steel. In other words, 


na quantity of steel is solidified terrific micro segregation of carbon exists, 





the analysis of the edge of a grain must be greatly different from the 





‘irector of research, mining and metallurgical advisory boards, Carnegie Institute of 


logy, Pittsburgh. 
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analysis of the center of the grain. I believe it is on this point that the 
of cast steel depends. I think if you look at Mr. Briggs’ paper not only f; 


the standpoint of the ability to increase the tensile strength of the castings by 


also from the standpoint of the mechanism of aging, you will see that | 
presented some very valuable information. 

I hope in Mr. Briggs’ closing remarks he will make some reference 
own views on the nature of the elements or compounds which are being take; 
into solution by the quench and precipitated in a critical dispersion by the su! 


sequent aging treatment, and also what relation these materials might 
to the aging initiated by cold work of medium carbon steels. 


Author’s Closure 


In regard to quenching rapidly, it is quite true that the faster the que: 
the greater the age hardening. However, in this paper we were discussi1 
more or less intricate castings with thin-walled sections, and in that cas 
quench will be rather rapid. 

I do not think it would be worth while to attempt to use any such heat 
treatment on a large casting of rather thick cross section. 

Of course, it must be remembered, too, that several foundrymen use high 
carbon steel as they claim that they are able to pour thinner sections. This 
of course, would limit the aging effect and the aging treatment would not be 
necessary because a high tensile strength is already present. There are als 
other foundrymen who claim that by superheating a very low carbon steel and 
pouring it, there are less tendencies for internal hot tears forming. In this 
case the aging treatment would come in handy. 

I should very much like to answer Dr. Herty’s question as to the under 
lying theory of aging and the elements that are influential in bringing about th 
phenomenon of age hardening in steel, but | am very certain it is not at all 
simple as Mr. Knerr attempted to portray. Experiments at the Naval Researc! 
Laboratory and the published works of Sacks, Koster, and others have defi 
nitely shown that the problem is a most complicated one. I think that the 
best summary on the subject has been prepared by Dr. R. F. Mehl. 

He shows that in general the aging effect may be due to carbon, oxygen 
nitrogen, sulphur, or perhaps a combination of these elements. 

In reply to Mr. Knerr’s comparison of sub-critical hardening effect to that 
of oil quenching, I merely point out that it is comparable and that there is a 
lower internal stress involved, and that intricate pieces stand up better under 
such a treatment than they do under a normalizing treatment. It is admitted 
that the process has its applications and it is rather difficult to see how it 
would sufficiently improve a bulky casting. 

Dr. Austin’s suggestion that impact values be studied is a very good on 
A dilatation study would likewise prove interesting. In answer to Dr. Austins 
question on cooling rates it may be said that an ordinary water quench pro 
duces practically maximum results. A brine quench produces only a slight 
additive age hardening effect. Slower cooling than that produced by a water 
quench tends for reduced age hardening effects and thus thin sections are ideal 
for this type of processing. 








OBSERVATIONS ON THE EFFECT OF NORMALIZING 


a MEDIUM MANGANESE STEELS ON THE MICRO- 
Bea STRUCTURE AND PHYSICAL PROPERTIES 


By C. R. AUSTIN 


g taken Abstract 
we Ss 
ht : ' , 
[he paper presents data obtained from a study of the 
effects of various normalizing treatments on the micro 
ructure and mechanical properties of a steel containing 
15 per cent manganese and about 0.4 per cent carbon. 
sa Comparisons are drawn between values obtained for th 
eae ield point, the endurance limit, and the Izod impact 
ie : strength, from samples as hot-rolled, ordinary normalized 
and double normalized. The wnportance of the normal 
yn ing treatment 1s demonstrated by the increase in the endu 
ance limit and in the Izod wmpact strength. 
oe In an appendix to the paper data are presented to 
opps. illustrate the profound effect of slight increases in_ thi 
ee 5 nanganese and carbon content of these “pearlitic man 
are al ganese steels.” The metallography and effects of heat 
Sa ead treatment on the resistance to impact of a steel containing 
In this 0.63 per cent carbon and 1.8 per cent manganese are given 


lhe observations indicate the need for carefully study 


sali the chemical analysis of medium manganese steels 


ln hcfore adopting for some specific service. 
at all ; 
Researct | \RLY researches on medium manganese steels lead to the gen- 
ave defi erally accepted idea that such steels were brittle to work and 
that the that they had not sufficient toughness for commercial application. 
\n interesting account of the developments, properties and applica 
oxygen ° . . or 1 C 
tions was recently given by E. E. Thum.' Probably by far the great 
t to that est tonnage of the steel finds its application in the fabrication of rails 
lere is a ind of high strength seamless tubing, and to high strength castings. 
er under Che present paper deals with steels containing about 0.4 per cent 
admitted 
ee 3 carbon and up to about 1.6 per cent manganese, and considers the 
> how it : - A . - 
properties and metallography of commercial steels which have found 
rand one fn - ee ; , “— a 
,00U kK. E. Thum: “The New Manganese Steel Alloys,’ Proceedings, American Society for 
Austit & 4 estit Materials, Vol. 30, 1930, Part IT, p. 215. 
nch pro ‘: - \ paper presented before the Fourteenth Annual Convention of the society 
a slight 4 ld im Buffalo, October 3 to 7, 1932. The author, a member of the society, 
a water : ‘ section engineer, alloys and process section, metallurgical division, Westing 
iad : Electric and Manufacturing Company, East Pittsburgh. Manuscript 
are idea ® received April 22, 1932. 
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their way into industry for certain applications where high st: 









































and moderate toughness were essential. 

By increasing the manganese content to about 1.5 per cent it js 
considered that this brings the steel into the range of true alloy steels, 
and it is generally recognized that in order to benefit materially by the 
introduction of special alloying elements, the steel should be subjected 
to some form of heat treatment. 

Undoubtedly the optimum in physical properties can be obtained 
by a quenching and tempering treatment, but there are always prac- 
tical difficulties and economic reasons tending to deter the handling of 
large masses of steel in this manner. It was considered of interest to 
conduct some experiments to ascertain what properties these medium 
manganese steels were capable of yielding from some form of normal- 
izing treatment. 

The metallographic structure of these steels ‘‘as-rolled”’ is rather 
coarse and the low single blow impact values obtained are to be an- 
ticipated. Although it is true that the exact significance of the vari- 
ous failure tests is not well understood, there seems little doubt that 
an increase in the Izod impact values accompanied by no loss of 
strength of the steel would be very desirable. 

It was from such considerations that the writer was led to initiate 
a brief research on medium manganese steel directed to the following 
objectives : 

1. To determine the best combination of mechanical 
properties of medium manganese steels, having the composition 
cited, which can be obtained by some simple normalizing treat- 
ment. 

2. To demonstrate the superiority in such properties of a 
properly normalized steel over the same material put into serv- 
ice in the “as-rolled” condition. 


MATERIAL TESTED 





Preliminary experiments were conducted on a steel containing 
1.57 per cent manganese and 0.42 per cent carbon. Lack of material, 
however, demanded that all the physical tests be made on a steel hav- 


ing the following composition : 
- = Per Cent 


Carbon 0.40 
Manganese 1.40 
Phosphorus 0.012 
Sulphur 0.036 


Silicon 0.28 
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NORMALIZING MANGANESE STEELS 


Che material was in the form of 65¢ inch diameter pipe with 0.33 inch 


wall. in the hot-rolled state. 
PRELIMINARY INVESTIGATION 


Among the physical data collected on this type of manganese 
steel in the hot-rolled state, it appears that the Izod impact values per- 
mit the greatest improvement. It has been indicated that the metal- 
lographic structure of these steels tends to be coarse and it was con- 
sidered that an analysis of the effect of various simple heat treatments 
on the microstructure would most rapidly suggest the optimum con- 
ditions of treatment to yield a fine grain, improved Izod values and 
generally satisfactory physical properties. The investigation there- 


fore naturally consists of two sections: 


1. A metallographic study on the effect of heat treatment 
on the structure of the steel. 

2. Physical test data on the steel, heat treated in the man- 
ner indicated as most satisfactory from the metallographic 
study. 

METALLOGRAPHIC STUDY 


This phase of the work consisted of a correlation of the effect of 
normalizing at different temperatures with the metallographic features 
observed. The experiments were conducted on the 1.57 per cent man- 
ganese and 0.42 per cent carbon steel. 

In order to determine the lower limiting temperature for nor- 
malizing, small specimens were cut for thermal analysis. The max- 
imum temperature to which the samples were heated did not appear to 
have any marked effect on the location of the critical points. On 
heating, the heat absorption occurred at 734 degrees Cent. (1355 de- 
grees Fahr.). The results from cooling showed a small point above 
the main heat evolution. The results are given in Table I. 


Ee 


Table | 


Heating ——————_ —-- —Cooling———_— 


Y, Small Point Main Point Small Point Main Point 

; Specimen Degrees Cent. Degrees Cent. Degrees Cent. Degrees Cent. 
Ee ] 725 734 650 632 

E 2 ete a ate 664 635 

z 3 ci 734 654 *645 


“Recalesced from about 630 degrees Cent. 
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Thus the carbide transformation on heating occurred at 
735 degrees Cent. and on cooling at about 650 degrees Cent. 
degrees Fahr.). We are concerned only with the former. Va: 
the rate of heating appeared to have little effect on the locati 
the Ac point (735 degrees Cent.). This is important and indicates 
that, say, 740 degrees Cent. (1365 degrees Fahr.) is the minimun 
temperature of true normalizing, and that this temperature is ind 
pendent of the rate of heating. ‘The 1.40 per cent manganese, 0.4 
per cent carbon steel did not reveal any marked difference in therma 
characteristics. 


Small samples were cut from the 1.57 per cent manganese ste: 


and normalized at different temperatures and for varying periods oj 


time, and then prepared for hardness determinations. The tempera 
tures ranged from 750 to 950 degrees Cent. (1380 to 1740 degrees 
Kahr.) and the periods of anneal from 15 to 60 minutes and in on 
case up to 5.5 hours. ‘Twenty-five tests were made in this manne 
but the data is not included as the hardness figures were not suffi 
ciently regular to attempt to deduce much useful information from 
them. 

These same samples were therefore polished and prepared for 
metallographic examination in order to determine what heat treat 
ment might be expected to yield the best mechanical properties. De- 
tails of these experimental observations will not be recorded but 


resumé of the general observations is given. 


|. In the hot-rolled state the material has a fairly uniforn 
large grain. 

2. In the normalized condition, as the temperature o! 
normalizing is raised, the general grain size is increased and the 
banded structure effect is decreased. 

3. As the time of normalizing at any given temperature 1s 
increased, the general grain size is increased to only a small 
degree. 

4. The higher the temperature of normalizing the greatet 
the apparent amount of free ferrite separating. 

5. The general microstructure of all samples is sorbit 
pearlite. 

6. With any ordinary normalizing treatment, it is difficult 
to avoid a considerable variation in grain size even over smal 


sectional areas. 
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out 7. The samples were most suitably etched by using a mix- 
HY . ture of 5 per cent picric acid and 2 per cent nitric acid in 
alcohol. 


lon | DouBLE NORMALIZING 
L\cdIcate 
nimun | \ careful consideration of the metallography of these tests led 
S inde- to the idea of “double normalizing” the steel. By this term is meant 
se. 04 an ordinary normalizing treatment at some given temperature fol- 
thermal lowed by the usual air cooling, with a subsequent normalizing at the 
same or some other temperature, again followed by air cooling. 
se steel This idea was considered and experimented upon because these 
‘iods of medium manganese steels were found to be not readily susceptible to 
‘mpera ordinary normalizing in the manner noted in plain carbon steels. 
degrees The metallographic structure desired was one showing an 
in one elimination of the banded structure, the presence of little free fer- 
nannet rite and a uniform but fine grain. The temperatures of primary nor 
t suffi ) malizing investigated ranged from 775 to 900 degrees Cent. (1425 
n from to 1650 degrees Fahr.), and those of secondary normalizing 735 and 
750 degrees Cent. (1355 and 1380 degrees Fahr.). 
red for The correct annealing temperature to provide the above men- 
t treat tioned structure was found to consist of heating periods of about 30 
1s. De- minutes at 775 degrees Cent., or possibly 800 degrees Cent. (1470 
d but a degrees Fahr.), followed by a second anneal at 750 degrees Cent. 
Both treatments were followed by air cooling. 
Examples of the effects of various heat treatments on the metal- 
ae lographic structure are given in Figs. 1 to 7 inclusive. These provide 
a general picture of the types of structure encountered during the in- 
ture 0! : vestigation. 
and the Fig. 1 is representative of the hot-rolled material. Fig. 2 illus- 
trates the results of normalizing at too high a temperature, 950 degrees 
ee Cent., whereby a coarse and irregular grain is formed accompanied 
— by considerable ferrite separation. Fig. 3 shows the persistence of 
the banded structure in parts of the sample after normalizing at 750 
P greatel degrees Cent. (1380 degrees Fahr.). 
i | Figs. 5 and 6 present the optimum conditions obtained by “dou- 
sorbit 


ble normalizing.” The elimination of the banded structure and the 


7 


fa presence of a fine uniform grain is evident. Fig. 7, showing the 
; ditheult 


. ' metallographic features of a specimen normalized in the usual manner 
TET SIild! . ) : . oe . “ ° . e 
oe - 4 SOU degrees Cent. (1470 degrees Fahr.), is included for purposes 


i comparison. It is of interest to point out that the structure shown 
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Fig. 1—Steel in the Hot-Rolled Condition. Etchant—5 Per Cent Nitric, 2 Per 
Picric Acid in Alcohol. <x 100. 

Fig. 2—Annealed 30 Minutes at 950 Degrees Cent., Air-Cooled. Large Grain 
Ferrite Separation Caused by too High a Normalizing Temperature. < 200. 

Fig. 3—Annealed 30 Minutes at 750 Degrees Cent., Air-Cooled. Illustrates the Band 
Structure Found in Certain Sections of the Samples. Picric-Nitric Acid Etchant. lt 

Fig. 4—Same Specimen as in Fig. 3, Showing Absence of Banded Structure 

Fig. 5—Double Normalized at 775-750 Degrees Cent. This Steel is Very Fine-Graine 
The Dark Patches are Due to an Etching Effect. Etchant Same as Fig. 3. 100 : 

Fig. 6—Double Normalizing at 800-750 Degrees Cent. Fine-Grained Structure Ft 
from Banding. Etchant Same as Fig. 3. x 100. 





| 
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6 was identical to that shown in Fig. 7, before the second 


alizing treatment. 


MECHANICAL TESTS 


In order to determine if the aforementioned metallographic ob 

servations had any real significance so far as physical properties were 
concerned it was decided to duplicate some of the experimental an- 
neals on Izod impact specimens. It will be recalled that it was con- 
sidered that an impact test would most readily reveal any change in 
physical characteristics of the steel. 
Oversize Izod test pieces were machined from the 1.57 per cent 
manganese steel and given a single or double normalizing treatment 
to obtain comparison data. The samples were machined to size, 
notched and tested. The complete data is presented in Table IT. 


Table Il 
Izod Impact Values 


Izod Impact 


Foot-pounds Brinell 

Sample No. Heat Treatment to Fracture Hardness No. 

land 3 30 mins. at 750° C 6.8 and 6.6 220 and 208 

Pand 4 30 mins. at 800° C., then 24.4 and 25.8 223 and 218 
30 mins. at 750° C. 

Sand 7 30 mins. at 800° C. 18.8 and 18.5 223 and 217 

6and 8 30 mins. at 775° C., then 26.0 and 25.0 217 and 207 
30 mins. at 750° C., 

and 11 30 mins. at 850° C. 7.2and 8.7 229 and 226 

10 and 12 39 mins. at 850° C., then 17.0 and 19.5 204 and 207 


30 mins. at 750° C. 


The results indicate the marked advantage of the double normalizing 
treatment in effect on impact resistance. 

In order to determine whether the high Izod impact values ob- 
tained by the double treatment were accompanied by satisfactory ten- 
sile and yield point properties, and that such Izod values could be ob- 
tained on normalizing larger sections of the material, suitable sections 
were prepared and heat treated as previously described. 

All material subsequently described under the present heading 
contained 1.4 per cent manganese and 0.40 per cent carbon. The test 
pieces were cut about 18 inches long and 3 inches wide from 14 inch 
thick steel, and heat treated in that form. Microsections were cut 
irom tests representing each normalizing treatment to serve as a 
check on the structure, and after the second normalizing treatment a 
strip was cut to provide two impact test pieces. The remainder of the 
l8-inch strip was machined for tensile test. The heat treatment was 
given to six samples in the following manner : 
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Table III 
Tensile Properties with Double Normalizing 
Yield Point Ultimate Per Cent 


Specimen Pounds per Pounds per Elongation 
No Square Inch Square Inch . a 


] 78,510 113,520 
} 76,300 111,600 


70,180 109,010 


70,900 110,630 


5 71,680 109,600 
6 70,170 109,320 


“These figures are unreliable as the specimen broke 


Specimens 1 and 2—anneal 30 minutes at 800 degrees Cent., air cool 
anneal 30 minutes at 750 degrees Cent. and ai; 
cool. 

Specimens 3 and 4—anneal 30 minutes at 775 degrees Cent., air cool 
anneal 30 minutes at 750 degrees Cent. and ai: 
cool. 

Specimens 5 and 6—anneal 30 minutes at 850 degrees Cent., air coo! 
anneal 30 minutes at 750 degrees Cent. and a 
cool. 

The results of tensile tests are recorded in Table ITI. 

The 800-750 degrees Cent. double normalizing appears to resul 
in a marked improvement in yield point values. The tensile strengt! 
and ductility is satisfactory in all tests. The results of the imp: 
tests are given in Table IV. 


Table IV 
Izod Impact Values with Double Normalizing 


Specimen No LA 1B 2A 2B 3A 
Foot-pounds to 

Fracture 
Average Izod 


Value 


It is noted that all these tests proved very satisfactory, and that 


; ; é; 1 
a good impact strength was obtained with any of the above doubl 


heat treatments. For purposes of comparison, it was desired to ha\ 
similar data on specimens single normalized under the same condi- 
tions as for double normalizing, and also to have data from th 
‘“‘as-rolled” steel. The data obtained from a single normalizing treat 
ment again referred to the 18-inch strip, and heat treatment was give! 
six samples in the following manner: 
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specimens 7 and &—anneal at 750 degrees Cent. for 30 and 60 


minutes respectively. 


r Specimens 9 and 10—anneal at 800 degrees Cent. for 30 and 60 
Re ‘ : 
7 minutes respectively. 
Specimens 11 and 12—anneal at 850 degrees Cent. for 30 and 60 
minutes respectively. 
Each specimen gave 2 Izod tests and one tensile test. 
(he data are tabulated in Tables V and VI. 
Table V 
Tensile Properties with Single Normalizing 
it., air coo Yield Point Ultimate Per Cent Per Cent 
j ; S ime! Pounds Pounds Elongation Reduction 
nt. and arn N Per Square Inch Per Square Inch 2 Inches 8 Inches Area 
69,230 111,530 52.0 15.3 48.0 
67,910 111,990 33.0 15.4 47.0 
; : ) 75,040 116,020 29.3 12.6 42.1 
it., air Coo ( 74,450 115.840 27.0 ee 35.4 
' 1] 71,480 114,150 28.5 2.5 $4.7 
nt. and air ] 74,090 116.830 28.0 12.4 } 
it., air cool 
‘nt. and ai Table VI 
Izod Impact Values with Single Normalizing 
men No 7A 7B 8A 8B 9A 9B LOA 10B L1A 11B 12A 12B 
inds to 
rs to result Fracture 14.0 8.0 12.5 18.7 au.o 36:1 2.2 iss iS.2' 12:2 200. t4 
‘ . \verage Izod 
ile strengt Value 11.0 15.6 18.2 15.6 13.6 12.3 


the impact 


It will be noted that the impact values are rather irregular. A com- 
parison between tensile and impact values for the ‘‘as-rolled,” single 
and double normalized steel is readily obtained by reference to Table 


VII. 


B 6A 
Table VII 
“49 ; Illustrating Effects of Different Heat Treatments on Properties 
Yield Point Ultimate 
Pounds Strength Per Cent Per Cent Izod Impact Values 
rv. and that Per Square Pounds Elongation Reduction Foot pounds to Average 
, : e Heat Treatment Inch Per Square Inch 2” Ss” in Area Fracture 
yove double ¥ As-rolled 67,070 116,180 27.5 12.8 41.8 4.3 4.3 ee 
red hai ; 68,560 117,420 24.0 11.5 Sa 4.5 5.0 4.3 
red to nav Single normalized 75,040 116,620 29.5 12.6 42.1 20.3 16.1 li 
: ni. 74,400 115,840 27.0 i 35.4 15.2 15.9 16.9 
same CONC D normalized 78.510 113,520 33.5 15.6 50.6 28.4 35.4 
2 fre m +} 76,300 111,600 35.0 16.5 49.2 25.4 29.2 29.6 
LL 
lizing treat 
it was givel 7 In Table VII the optimum values for yield point in the different 


treatments have been recorded with the corresponding values for 
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impact. The marked increase due to double normalizing in the resist. 
ance to failure by impact shock is evident. 
Fatigue test data were also collected on the double normalized 


steel. Results obtained by use of the R. R. Moore type of machine 

























































i tO 
are given in Table VIII. Comparison may be made with previous tur 
data available on rolled material. str 

Table VIII - 
Fatigue Data on Double Normalized and Hot-Rolled Steel gal 
Pounds Per Square Inch Stress As-Rolled Lp] 
67,000 Failed at 73,800 reversals 
64,000 Failed at 137,900 reversals 
61,000 Failed at 290,200 reversals by 
58,000 Failed at 374,300 reversals : 
55,000 Failed at 879,500 reversals ora 
52,000 Did not fail at 25,679,500 reversals : 
52,000 Failed at 3,954,400 reversals ot 
52,000 Failed at 1,688,000 reversals 
51,000 Did not fail at 36,630,000 reversals in 
51,000 Failed at 13,914,900 reversals 
we 
Pounds Per Sauare Inch Double Normalized 
70.000 Failed at 32,800 reversals 
69,000 Failed at 102,400 reversals on 
64,000 Failed at 183,100 reversals 
63,000 Failed at 308,100 reversals ste 
62,000 Failed at 314,000 reversals 
61,000 Failed at 410,000 reversals val 
61,000 Did not fail at 10,170,000 reversals 
61,000 Did not fail at 10,480,000 reversals tio 
60,000 Did not fail at 10,079,000 reversals 
58,000 Did not fail at 12,084,000 reversals reg 
68 
= : ; , : is ™ the 
[here is much more scattering in the values from the “as-rolled 
_ a ‘ tne 
steel. The endurance limit was taken as 51,000 pounds per square 
inch for the as-rolled steel and 61,000 pounds per square inch for the ; 
: 2 : in 
double normalized samples. No data were specifically prepared for 
, a . a ae al 
single normalizing on this test, but some data which were availabl 
; or ; ; ; ; as 
on a similar steel have been included in the comparison tabulation 
pe 
below. 
Table IX 
Comparison of Fatigue Data and Endurance Ratio 
—_ = —_ oe ee a samuel Sil 
Ultimate i 
Strength Yield Point Per Cent 4 | 
Pounds Per Pounds Per Elongation e ; 
Heat Treatment Square Inch Square Inch in 2 Inches Endurance Limit Rat z an 
As-rolled 116,680 67,240 18.5 51,000 0.44 a ce 
Double Normalized 112,600 77,400 32.2 61,000 Q.94 a 
& th 
0.44C 1.44 Mn As-rolled — 113,230 64,180 7.8 49,000 0.424 — 
Single Normalized 109,840 67,800 Zi .2 52,000 0.4 i y 
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NORMALIZING MANGANESE STEELS 
CONCLUSIONS 


The so-called medium manganese steels are frequently referred 


to as “pearlitic manganese steels.’’ Consideration of the microstruc- 


ture in the “as-rolled” or normalized condition suggests that the 
structure is sorbitic rather than pearlitic, and that it is this fine 
The 


profound effect of only small further additions of carbon and man- 


sorbitic structure to which the steels owe their high strength. 


eanese to the steels discussed in this paper will be illustrated in the 
appendix. 

The amenability of these steels to important structural changes 
by simple heat treatments has been illustrated in the photomicro- 


graphs. The double normalizing treatment results in the formation 


of a very fine grain, an elimination of the banding structure, and 
in the rejection of free ferrite from the solid solution in small and 
well distributed particles. 

The effect of this type of treatment on the tensile properties, 
on the Izod impact resistance values, and on the endurance limit of the 
steel has been demonstrated. Comparing only the double normalizing 
values with the “as-rolled” properties (and the “as-rolled” condi- 
tion is commercially regulated to provide as close an approximation to 
regular normalizing as practicable), the tensile yield is raised from 
68,000 to 78,000 pounds per square inch by heat treating. Similarly 
the Izod values are raised from 4.5 to nearly 30 foot-pounds and 
the fatigue values from 51,000 to 61,000 pounds per square inch. 

A marked improvement over single normalizing is also noticed 
in the data for the double normalized tests in both impact and resis- 
tance to fatigue. Further, the double treatment is not so critical 
as regards temperature and a definitely more uniform product ap- 
pears to accrue. 


Appendix 


This appendix provides data illustrating the profound effect of 
slight increases in the and content of these 
“pearlitic manganese steels” and presents data on the metallography 
and resistance to impact of a heat treated steel containing 1.8 per 
cent manganese and 0.63 per cent carbon. 


manganese carbon 


In order to determine 
the optimum conditions for a normalizing treatment, a thermal analy- 
sis of this steel was made. The heating curve showed a good thermal 
arrest at 725 degrees Cent. (1340 degrees Fahr.). 











146 TRANSACTIONS 





OF THE 





ee ae i 











EFFECT OF 





ANNEALING ABOVE THE CRITICAL POINT OF THE 






Several small samples of the steel were cut for observation 0; 


the effect of heating on the microstructure. The heat treatment cop- 
sisted of heating a sample in vacuo to the desired temperature, main- 
Vacuun 


annealing was used to ensure eliminating decarburization effects 


taining for 30 minutes or two hours, and cooling in still air. 


Fig. 8 illustrates the microstructure of the steel in the hot-rolled 
condition, and Figs. 9 to 14 illustrate some of the microstructures 
observed after the heat treatment indicated under each photomicro 
graph. 

A thirty minute anneal at 750 degrees Cent. (1380 degrees Fah1 
leads to a pronounced banding in the structure (Fig. 9). At 800 
degrees Cent. (1470 degrees Fahr.) this is more marked (Figs. 10 
and 11), and at 850 degrees Cent. (1560 degrees Fahr.) shown in 
) 


Fig. 12 the appearance of the light areas is so much developed as 







to lead to an apparent disappearance of the banding effect. 

In plain carbon steels this banding or striation of the structur 
is usually ascribed as due to the presence of bands of free ferrite in 
the steel, which have rejected most of the carbon. This phenome 
non is variously explained as due to sulphur, phosphorus, manganes: 








or oxygen concentration. In this medium manganese steel it is noted 
that those bands are not ferrite, but that they present an acicular or 
pseudo-martensitic structure. After annealing at 1000 degrees Cent. 
(1830 degrees Fahr.) and air cooling, ninety per cent or more of 
14). All these photo 
micrographs were taken from the center of the heat treated spect- 
mens. 


the steel has this acicular structure (see Fig. 












Reference must also be made to the cracks found in two of the 
specimens. In the upper part of Fig. 10 minute cracks can be ob 
served in the pseudo-martensitic material. 


11. 


More pronounced cracking 
can also be seen in Fig. These cracks were not detected in the 
unetched specimens. 

The Rockwell hardness of some of these specimens was meas 
ured and conversion figures obtained for the Brinell hardness and 
tensile strength of the steel, deduced from the information given in 
the Bureau of Standards Bulletin Paper No. 334. 
of the and the tensile 
strength of the steel after heating to various temperatures above the 


From a consideration microstructure 






highest critical point and air cooling, it is clear that this material 1s 
not amenable to normalizing in the generally accepted sense of heat 
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given in - zy. 7—Single Normalize at 800 Degrees Cent. Structure Shown in Fig. 6 was 
der yaaa Structure Before the Second Normalizing. Etchant Picric-Nitric 
00 
e tensile $—1.8 Per Cent Manganese Steel, Hot-Rolled. 5 Per Cent Nitric Etchant x 100 
i—Specimen M-2. 1.8 Per Cent Manganese Steel Annealed 30 Minutes at 750 
‘bove the cgrees Cent., Air-Cooled. Etchant 5 Per Cent Nitric Acid in Alcohol. 100. 
ke 10—-Specimen M-4. 1.8 Per Cent Manganese Steel Annealed at 800 Degrees 
aterial 1s : mt. 10F oY Minutes, Air-Cooled. Etchant Same as Fig. 9. X 100. 
mt : l1—-Specimen M-5. 2-Hour Anneal at 890 Degrees Cent. X 200 


19 


2—Specimen M-6. 1.8 Per Cent Manganese Steel Annealed 30 Minutes at 850 
Cent. and Air-Cooled. Etchant 5 Per Cent Nitric Acid in Alcohol. 100. 


» of heat 





TRANSACTIONS OF THE 4. S. S. 


oT 
te 4 : 


_s 
> 
f 


Fig. 13—Specimen M-7. 1.8 Per Cent Manganese Steel Annealed at 1000 Degrees 
Cent., Air-Cooled. Etchant 5 Per Cent Nitric Acid in Alcohol. x 100. 

Fig. 14—Specimen M-7. Same as Sample Fig. 13 at Higher Magnification. 
Same as Fig. 13. x 500. 

Fig. 15—Specimen AQ-15. Annealed 30 Minutes at 800 Degrees Cent., Cooled 
Open Furnace. Etchant 5 Per Cent Nitric Acid in Alcohol. 100. 

Fig. 16—Specimen AQ-11. Annealed 30 Minutes at 800 Degrees Cent., Air-Cooled 
“‘Normalized.”” Etchant Same as Fig. 15.  X 100. \ 

Fig. 17—Specimen AQ-13. Annealed 30 Minutes at 800 Degrees Cent., Air-Cool 
Tempered at 450 Degrees Cent. 30 Minutes. 5 Per Cent Nitric Acid Etchant. 

Fig. 18—Specimen AQ-17. Annealed 30 Minutes at 800 Degrees Cent., Air-Cool 
Tempered at 625 Degrees Cent., for 30 Minutes. Etchant Same as Fig. 17. xX 100 
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Table X 
Computed Tensile Values after Normalizing 
Tensile 
Rockwell Strength 
“— Brinell Pounds 
Hardness Hardness Per Square Inch Heat Treatment 
28.8 280 137,000 Hot rolled. 
42.0 $31 211,000 Air cooled after 30 min. < 750 
51.0 510 250,000 Air cooled after 30 min. ; 800 
52.0 521 255,000 Air cooled after 30 min. ; 850 
63.3 650 318,000 Air cooled after 30 min. at 1000 


treatment nomenclature. In small sections the steel has very marked 
air-hardening properties. Manifestly, therefore, little useful infor- 
mation could be gained by obtaining a complete series of physical 
tests to demonstrate the effect of “normalizing” on the properties of 
this steel. It was considered, however, that the effects of certain heat 
treatments on the Izod impact values of the steel might be of interest. 


EK EFECTS OF CERTAIN. HEAT TREATMENTS ON THE I[zop IMPACT 
VALUES OF THE 1.8 PER CENT MANGANESE 0.6 
Per CENT CARBON STEEL 


Four different heat treatments were given to pairs of Izod impact 
specimens. 


1. Anneal for 30 minutes at 800 degrees Cent. (1470 degrees 


Fahr.) and air-cooled. This may be regarded as the opti- 


mum condition for a single normalizing treatment. 

Anneal for 30 minutes at 800 degrees Cent. and cooled in 
an open furnace from the temperature of anneal. This 
approximates to a medium slow cool. 

Annealed 30 minutes at 800 degrees and air-cooled, fol- 
lowed by a temper at 425 degrees Cent. (800 degrees Fahr. ) 
for 30 minutes. 

Annealed 30 minutes at 800 degrees Cent. and air-cooled, 
followed by a 30-minute temper at 625 degrees Cent. (1160 
degrees Fahr.). 





1000 Degrees J Rockwell hardness values were taken on the specimen in each case 
ion. Etchant fi and the Brinell hardness and tensile strength computed as in the 
Cooled in the [MP previous series of tests. The results are recorded in Table XI. 
Air-Cooled % The temperature of 800 degrees Cent. (1470 degrees Fahr.) 

Air-Cool mwas selected because this would be the most favorable treatment 
ant. are 


., Air-Cooled 
x 100. 
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Table XI 
Tensile Values and Actual Izod Impact Values after 
Normalizing and Tempering 













Computed 


Izod Tensile 
Impact Strength 
Speci Value Rockwell Pounds 
men Foot ac. Brinell Per 
No. pounds Hardness Hardness Square Inch Thermal Treatment 
AQ11 2.0 36.5 352 172,000 Annealed 30 minutes at 80( 
AQ12 2.0 35.9 346 169,000 air cooled 





AQI5 2.4 ie 268 131.000 Annealed 30 minutes at 800° 
AQ16 2.9 26.6 262 129,000 furnace cooled 





AQ13 5.9 33.7 323 158,000 Annealed 30 minutes at 800°C, ai; 
AQ14 5.2 34.0 326 160,000 cooled, and tempered at 425° 









AQ17 8.5 26.0 259 27,000 Annealed 30 minutes at 800°C. aj; 
AQ18 7.9 27.0 267 130,000 cooled, and tempered at 625° 









AO 1.4 28.1 275 135,000 As received, in the hot rolled 
dition 


if the steel could show improved physical properties after a normal- 
izing treatment. 

It was pointed out that from a consideration of the results of 
microscopic examination a normalizing treatment could not be 
expected to materially improve the properties. This is demonstrated 
by the Izod values obtained from such treatment and also from the 
computed tensile strength. It is also shown that a temper as high as 
625 degrees Cent. (1160 degrees Fahr.) following air hardening, 
brings the tensile down to about 130,000 pounds per square inch, 
but raises the Izod to a little over 8 foot-pounds. Presumably a higher 
tempering temperature adjusted to give 110,000 pounds per square 
inch tensile, the value required of this particular steel, would further 
appreciably increase the Izod value. 

The metallographic features of the last series of tests are pre- 
sented in Figs. 15 and 18 inclusive. The homogeneous character 
of the steel should be observed from these illustrations. There 1s 
a complete absence of the banding found in the earlier experiments 
(Figs. 8 to 14). Both sets of samples were cut from the same piece 
of steel but at different locations. This indicates the lack of 
homogeneity over different sections of the steel, and also the marked 
segregation effects to which a steel of the given composition 1s 
subject. These observations indicate the need for carefully studying 
the analysis of these medium manganese steels before adopting for 
some particular service. 
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DISCUSSION—NORMALIZING MANGANESE STEELS 


DISCUSSION 


Written Discussion: By A. Oram Fulton, president, Wheelock, Love- 

and Co., Cambridge, Mass. 

[he author has contributed some interesting data on the effect of the 
double normalizing treatment on medium manganese steels, and brings out 
emphatically the remarkable increase in ductility and resistance to impact when 
the double treatment is used. Of course, all of these steels are much better 
when the regular heat treating operation can be used, that is, a quench and 
draw, but where mechanical handling makes this impracticable the double 
normalizing treatment does undoubtedly materially improve physical properties. 
This is, of course, analogous to the effect obtained in regular heat treating 
operations when using a double quench or a double tempering operation, the 
second temperature in each case being the lower one. 

There is one interesting phase to this matter which the author did not 
touch upon, and that is the effect of the double normalizing on the machinability 
of the steel. While this may not be of practical importance in the case of the 
pipe to which the author refers, it would be highly important to the manu- 
facturer of small parts using bar steel. Probably investigation of this phase 
would show that double normalizing does improve the machining. Medium 
manganese steels have to a certain extent air hardening properties, and the 
second heating and cooling at lower temperature would tend to relieve any 
hardness induced by the first operation. This machinability would, undoubt- 
edly, vary depending upon the temperatures used and the rate of cooling. This 
would determine the proportion of sorbite and pearlite in the resulting sorbito- 
pearlitic structure, just as in the case of the same steels when quenched 
and tempered, the quenching and drawing temperatures determine the relation 
of the sorbite and troostite, resulting in these steels with ideal heat treatment. 

The author’s excellent paper and the conclusions drawn simply again 
emphasize the need of careful selection not only of the proper analysis of 
these medium manganese steels for each job under consideration, but even more 
important the careful and proper heat treatment to be applied to each of the 
analyses selected. 

Written Discussion: By Norman FE. Woldman, metallurgical engi- 
neer, Material and Process Engineering Department, Westinghouse Electric 
and Manufacturing Co., East Pittsburgh 

This paper should be of great value to manufacturers of steel products 
using pearlitic-manganese steels. Dr. Austin has ably brought forth the vital 
lact that pearlitic-manganese steels must be properly conditioned to obtain 
maximum service and life from the manufactured product, especially where the 
tabricated product is subjected to shock and impact in service. 

In the manufacture of gears and pinions some tendency in the past had 
been to use 1.5 per cent manganese steels containing from 0.35 to 0.50 per cent 
carbon. These gears and pinions were either annealed, normalized, oil-quenched 
or water-quenched. Pinions were made from either hot-rolled bars, forged 
bars or upset forged blanks. 


tr 


Gears and also very large pinions were made 
om either die-rolled or cast blanks. 
was sadly neglected. 


The proper conditioning of these steels 
Nonhardened gears and pinions were merely annealed 
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at a high temperature or released in the green state for finish machin 


~ 


Such gearing would most assuredly fail after a short period in service, and 


would disclose on microscopic examination of the metal at or adjacent to 


1¢ 


fracture a coarse structure, ferrite banding, probably ferrite segregation and 
frequently minute cracks. Due to the low impact value, the teeth would 


fracture out at the root, the corners of the teeth would chip off if full bearing 
was not obtained, and worst of all the pinion would split open usually at th 
top and corner of the keyway. 

The greatest grief was usually obtained in hardened 1.5 per cent manganes¢ 
steels. Many steel fabricators believed that if the manganese steel articles. 
such as gears, pinions and the like, were to be hardened by oil or water quench- 
ing, it was not necessary to give the articles a preliminary annealing or 
normalizing treatment. The result was a steel of high strength and hardness. 
but of low ductility and impact values with subsequent decreased toughness 
Microscopic examination of such heat treated products would show countless 
internal ruptures and fine cracks, traces of ingotism and possibly coars 


dendrites. After quenching and tempering there would be observed micro- 
scopic quenching cracks at the end of the teeth, these cracks running approx- 
imately at a 30-degree angle from the tooth top to the tooth root. Such 


heat treated pinions would shortly crack through the keyway after a short 
service. Failures were not due to defective steel or defective hardening heat 
treatment, but rather due to the steel not being properly conditioned befor¢ 
heat treatment. 

The better gear manufacturers today specify that unhardened manganesi 
steel gears and pinions must be either thoroughly annealed and followed by a 
normalizing operation, or must be doubly normalized, or must be normalized 
and followed by a low anneal or strain relieving draw to obtain the desired 
strength with the highest ductility and good impact values. For hardened 
manganese steel gears and pinions, whether oil-quenched or water-quenched, 
they specify that the gear and pinion blanks must be properly conditioned by a 
normalizing operation before machining so as to obtain uniform structure and 
subsequent uniform physical properties after hardening. Such heat treated 
manganese steel gears and pinions would then have the maximum shock and 
impact resistance in the as-hardened condition. 

Pearlitic manganese steels are very tough steels, but rather treacherous in 
hardening heat treatments if said steels are not properly conditioned prior to 
the hardening heat treatment. 

Heat treaters should carefully note, as Dr. Austin has pointed out, that 
the temperature range for properly normalizing pearlitic manganese steels is 
smaller than the temperature range for normalizing plain carbon steels. 

Written Discussion: By R. H. Frank, metallurgist, The Bonney-Floyd 
Co., Columbus, Ohio. 

The writer wishes to compliment the author for his excellent paper on 
normalizing medium manganese steels and especially on the results obtained 
by double normalizing. All of Mr. Austin’s work was conducted on rolled 
steels, and I think it would be interesting to know if he has conducted an) 
research in the “as-cast” condition. We market a steel of slightly different com- 
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DISCUSSION—NORMALIZING MANGANESE STEELS 453 


sition, namely, C-0.30; Mn-1.25 and Mo-0.20 upon which similar experiments 
.ve been conducted. Cast bars one inch square were normalized from 1675 
ieorees Fahr. and the double normalized bars were given an additional air 
vench from 1525 degrees Fahr. while all bars were tempered at 1100 degrees 
Kahr. for one hour with the following results which are averages of a number 


t tests. 
Elongation Reduction Yield Point Ultimate 
in2Inches' of Area Strength 
Single normalize ............ 22.5 52.8 74,600 101,300 
Double normalize ........... 25.0 60.0 73,000 99 500 


\ considerable increase in ductility was obtained at the expense of a slight 
decrease in strength which corresponds favorably with Dr. Austin’s results 
except that he obtained an increase in yield point results. The writer would 
like to ask Dr. Austin if he considers this difference due to the composition or 
the fact that his samples were started from the rolled condition. 

Written Discussion: $y M. Gensamer, Bureau of metallurgical re- 
search, Carnegie Institute of Technology, Pittsburgh. 

[ have had the opportunity to carry out dilatometric studies of the same 
steel used by Dr. Austin. . My purpose is to correlate this dilatometric analysis 
with Dr. Austin’s experimentally determined heat treatments, and to show 


<— first Annes/ 





<— Second Annes/ 






0.5% Elongation 


550 600 650 700 750 800 
Temperature °C. 


what great assistance can be rendered by the dilatometer in an investigation 
of this kind. The dilatometer used is the simple one described before this 
society at last year’s meetings.* 

The accompanying illustration represents a typical heating and cooling 
cycle on Dr. Austin’s steel. The length of a 1l-inch specimen is plotted 
against its temperature. The contraction in the neighborhood of 700 degrees 


"F. M. Wa'ters, Jr., and M. Gensamer, ‘‘Alloys of Tron, Manganese and Carbon 
[V,”’ Transactions, American Society for Steel Treating, Vol. 19, May, 1932, p. 608. 
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Cent. (1290 degrees Fahr.) is the alpha to gamma transformation o1 
and includes both the eutectoid transformation (which is not a constant 
ture change because we are dealing with a ternary alloy) and th 


involving the excess constituent, free ferrite. The expansion around 620 degre, 
Cent. (1150 degrees Fahr.) is the reverse reaction. Only the significant parts 
of the curves have been shown: at temperatures below those indicated in th 


graphical illustration, the slope of both heating and cooling curves is the san, 
and is typical of alpha iron, with no indication of any reaction at lower tempera 
tures; except for the first heating curve for every specimen, which possesses 4 
greater slope. Heating or cooling at a faster or slower rate (excluding 
quenching) produce no significant changes in the curves. Extremely rapid 
cooling lowers the temperature of transformation, but cooling in still air doe; 
not lower the temperature more than 10 to 20 degrees Cent. Cooling from 

lower temperature than indicated, as long as it is above the transformation 
range, gives the same curves. 

Dr. Krivobok has recently obtained nearly identical results with a stee! 
of the same class, but of different composition, and he also has given me a 
sample which I have studied in this way. Both Dr. Austin’s and Dr. Krivobok’'s 
steels gave results so nearly identical that the illustration represents both. 

The story told by Dr. Austin’s experiments supplemented by the dilatomete: 
is as follows. It is necessary to exceed 750 degrees Cent. (1380 degrees Fahr 
to complete the alpha to gamma transformation, but on the first anneal D: 
Austin’s work shows that 775 to 800 degrees Cent. (1425 to 1470 degrees Fahr. 
is necessary. Otherwise it is impossible to eliminate carbon segregation, show: 
by the large ferrite areas at the grain boundaries in the “as-rolled’”’ condition 
No evidence is given by the dilatometer of this diffusion process, so the tempera- 
ture necessary to achieve homogeneity must be determined by a series of ex- 
periments involving examination under the microscope. This anneal at 8 
degrees Cent. (1470 degrees Fahr.) treatment is not compatible with the r 
fined grain necessary for best physical properties. Dr. Austin has shown 
that in this steel, as in general, the grain size increases as the annealing tempera- 
ture increases. Hence a second anneal is necessary, this time to the temperature 
of completion of the alpha to gamma transformation, and no higher. — [he 
gamma grains formed in this transformation are initially small, and holding 
the temperature down limits the size to which they can grow. This double 
treatment produces a fine-grained structure which is free from large ferrite 
areas and hence microscopically more homogeneous. 

The superiority of the dilatometric method over the thermal determination 
of critical points is demonstrated by the exactness with which the temperature 
of completion of the transformation can be ascertained. Whereas, Dr. Austin 
was compelled to experiment with various annealing temperatures, dilatometric 
analysis tells at once that 750 degrees Cent. (1380 degrees Fahr.) is the best 
final annealing temperature, and indicates that for preliminary annealing, 
temperatures below 775 degrees Cent. (1425 degrees Fahr.) or so need not 
be investigated. 

Written Discussion: By Jerome Strauss, chief research engineer, 
Vanadium Corporation of America, Bridgeville, Pa. 
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\ustin has selected a steel of considerable commercial value and im- 

e. and rightly pointed out its shortcomings, along with one method of 

ming some of them. Those of especial importance are the tendency 

ese steels toward coarse and nonuniform grain size, the sensitiveness of 

‘in size to temperature and the ili influence of these characteristics upon 

ct value when the steel is subjected to treatment other than quenching and 

tempering. 

The heat treatment proposed, similar to that employed in improving the 

desirable properties of steel castings found in the “as-cast” condition, 1s 

effective. This importance of the normalizing treatment often is overlooked 

it is. in many cases, the only economical means of securing the desired 

mechanical properties in parts of large size and small section, or of very 
irregular nature. 

However, a double treatment such as that recommended is not the only 

vay out of the difficulty. A modified composition combined with a single 

ormalizing has in one instance not only accomplished the same purpose, but 


secured further improvement in tension test values. The modified composition 


Cc Mn Cr V 
0.40 1.20 0.35 0.10 
siving the following properties : 


Tests of Mn-Cr-V Steel 


l-inch Round—Normalized 1600 Degrees Fahr. 


Yield Point Tens. Strength Elongation 
Pounds per Pounds pet PerCent in Reduction Izod 
Heat No. Bar No. Square Inch Square Inch 2 Inches of Area ft.-lb. 
1 80.050 118.300 25.5 61.6 41.5 
2 80.400 118.250 25.0 61.3 44.3 
l 86,450 117,050 23.0 52.5 ce & 
2 82.400 118,100 23.0 54.4 52.8 
” 75,550 116,750 22.5 56.0 34.0 


*2-inch Round—Normalized from 1625 Degrees Fahr. 


\ttention is directed to the fact that these data are from larger sections, 
and that nevertheless the yield point, reduction of area, and Izod value are 
higher than in the plain manganese steel. Furthermore, in this composition, 
there is much less sensitivity to the influence of temperature of working and 
treatment. 

Kk. E. Tau’: I believe it would be a mistake if those present would 
assume from Dr. Austin’s paper that the medium manganese steels are dan- 
gerous to use unless properly heat treated, because of an inherent brittleness. 

{ would like to call your attention to the fact that raising the manganese 
is one of the favorite ways of improving the tensile properties of the ordinary 


structural steels, and a considerable quantity of such strong steels, probably 
waft 3 . ° ‘ 
equal in tonnage to the tonnage of the medium manganese steels that are heat 
try t ] 


iredateqd, 


is rolled into plates and shapes for extremely large structures. An 
Ttant instance is the 1675-foot Kill Van Kull Arch which spans the neck of 


Metal Progress, American Society for Steel Treating, Cleveland. 
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water between Bayonne, N. J., and Staten Island, N. Y. The prin 
chords were built with one of these medium manganese steels and 
and shapes were used in their as-rolled condition. 

From information kindly forwarded me by O. H. Ammann, chie} 
of bridges, Port of New York Authority (the builder of this bride: 
the following purchase specification: 


Carbon 0.40 per cent maximum 

Manganese 1.80 per cent maximum 

Ultimate tensile strength 90,000 pounds per square inch minin 
Yield point 55,000 pounds per square inch minin 
Reduction of area 30 per cent minimum 


I longation in 2 inches 16 per cent minimum 


Half-scale models of the large compression members on this brid 
made of carbon structural steel, “silicon structural steel,” and the 
medium manganese steel and tested in compression in the 10-million poun 
machine at the Bureau of Standards. The proportional limit of the columns 
as determined from the stress-strain curve, was 17,500, 21,000, and 23.00 
pounds per square inch for the above three steels, while the stress at failu: 
by buckling was 33,500, 53,000, and 62,000 respectively. It is apparent that 1 
engineers on this structure were justified in loading the medium manganes 
steel proportionately. 

| would also call your attention to the fact that a very large tonnag: 
medium manganese steel, with considerably more carbon than the samples 
analyzed by Dr. Austin, is being rolled every year into railroad rails, and us 
in the as-rolled condition, without separate heat treatment. 

For instance, in the year 1929 the tonnage was about 150,000 tons 
rail is the standard for the Lackawanna system, using 105 to 130-pound sections 
no other rails have been bought by it for six or seven years. A big percentag 
(perhaps 40 per cent) of the rails bought recently by the New York Centr 
lines are of the same analysis: C 0.54 to 0.67, and Mn 1.30 to 1.50. 

As will be observed, these rails are much higher in carbon and appro 
imately the same in manganese; if anything, they would be supposed to hay 
lower impact values than the ones recorded by Dr. Austin, namely, 4.5 
pound Izod. 

Rails are ordinarily tested full size under a drop hammer. Some I[zo 
impact tests cut from this medium manganese steel rail averaged 4.3 foot-pour 
which is in the same range as Dr. Austin’s metal. While this is low, it 
apparently sufficient for the very severe service of American main-line trafi 
In fact, this figure is about twice as tough as the regular carbon steel rail 
comparable tests for it average 2.2 foot-pound Izod. 

Since these rails, laid in the track exactly as they are cooled on the 
bed, have been very satisfactory, it is certain that a medium manganese pearlit 
steel, even in fairly large sections such as 130-pound rails, is not too brittle 
rolled. Stated in another way, even though the Izod value of such a 


+} 


would be less than 5 foot-pound, the steel is sufficiently tough to withstand t 


very severe punishment it gets in the main line tracks of American railroad 
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medium manganese rail has been adopted because of its 


ce to (0.0018 square inch of section per million tons 
red to 0.0045 square inch for standard open-hearth rails). 
. it is hardly long enough to indicate that it will cure the transverse 
‘ ; fccure problem, but there have been no disquieting reports in the six or eight 
. —" 
MN 
j / 
u / 
in ' a / 
MUI | tC / 
ef | 
Ce —f t— 8— p42 
S “i 
| a. / S = 
4 I > / “Sys a 
: ¢ / - / 8o8 
iaPe Wel yv / Ls / hw v 8 
} ’ ,> *¥ NY wx 
om boy “) { 5 / S ~ > 
ion poun U| | O / ant t 
ed i sccicshalt denies | TD LV oO 
* columns : | = / Ast IN & 
nd 23,00 Pte ol — ® 
Y | ry AY \Y . 
at tailur > | | f / v / S 
' x | wv / |} v | ’ ! D 
it that t P. ‘ - 
| [| 2a er | g: fs } e 
nangante 72.25 & //aip| = 
Ril eke eee tp BIS 
rT S8 OS Re HEIR + 
onnagt ~ HARBOE ee 
ol eo . es {ff Rissl ° 
{ Sdlipies | ae) / NV : ly = | ta YU 
& v \ = \ 
_ and use 1; w & Oo i ae i 
* Q & Hrs wv 
i. 3 2 : GO ¢ (1 a 
“= J Oh ne 
ns. TI | / BS ey & ! 
ij Y F- ' | 
1 sections jt / - ats asnintia ee : ~< at oa Ne 
| : 2 oe rd ST |- 
percentag / KY : seep TI wt 
\ eg ihe, ; ss 
k Cer / S ie ke li xc SQ 
G MD WEES (ck. 1 BS 
/ = 2 Se ce SS, SL 4 
' = BS orgs: } S27 t LX 
I / S c a SEE PBR ae BS 
ad appl || / a Ko ster oie3 iS S & we QD 
d to ha\ L / S ncn Wye ~ Ww 
(c 7 oy arena aes Worcs 
4.5 toot | rer T= Qs — 
[ “tit Vee Wy 
oot-pound 11 | SS. | 
low, it i/ | 
ine traf -— oe “— oe ae ee 
LD oO in ° 
steel -- — © 
UOGID 4U94D 1394 
mn the | Relation Between Carbon and Manganese in Tonnage Steels 


e pearlit 
brittle as yCal 
ich a 


hstand t! 


ailroads must 











in which this heavy alloy rail has been in use. 


id Scranton mill of the Lackawanna Iron & Coal Co. 
nclude that it is not a brittle rail, as-rolled. 
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If both of the elements are on the high side of the analysis at 


I have no doubt but that a rail steel, even though the microstructiy; 
predominantly 


usetul steel for severe service. 
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The difficulty which the railroad people have is in properly ad 
relationship between carbon and manganese. If the 
high, then the carbon must be reduced, or vice versa. 


time, they are liable to get some broken rails in service, and ordinaril, 
scopic investigation will show small areas of martensite in the head 


rails. On the other hand, if the carbon and manganese are a little low. ¢ 


pearlite, and has no excess constituent in it, would 
vastly improved Izod impact test if it were heat treated in the way 
by Dr. Austin, but | would emphasize that the pearlitic manganese steel, eye 


remarks in that light you are welcome to do so. 


a. t. \I 


1 
} 


Manganese get lite 


~ 


they get trouble due to soft rails which flow under traffic. 


Ire 

Nave 

»cf 
ste 


UL VE 


\ 


in its condition as-rolled, and even though it does have low impact value. js 
This might be interpreted as a criticisy 
of the correlaticn of impact testing to service; if you wish to interpret m) 


The accompanying diagram shows the relationship between carbon a) 
e z z a 


manganese in American tonnage steels. 


strength castings occupy the field below it. 
drawn from C 0.65, 


H. J. Frencnu’: 


It was first published in Jron Ag 
March 21, 1929, and later in a paper on “The New Manganese Alloy Steels” 
read before the American Society for Testing Materials in 1930. It shows 


a glance how carbon must be reduced as manganese is increased. Similar co 
ditions exist between the two elements in two other important classes of heat 
treated alloys. 


I 


If a line is drawn from C 0.3, Mn 1.0, to C 0.2, Mn 2.3, hie! 


Above that line and below anothe: 


Mn 1.0, to C 040, Mn 2.0 will be found springs, heat 


treated forgings, and gun barrels. 


[ have some questions I should like to ask. During th 


last few years it has been reported that some of the intermediate manganes 
steels have shown temper brittleness, and I should like to ask whether D: 
Austin, in his impact studies, has ever encountered any effects of this sort. 


Then, foo, I notice that the cracks in the photomicrographs were at areas 


bounded by martensitic or pseudo-martensitic structures. 


I am unable to evaluate the dilatometric records shown by Mr. Gensame: 


who discussed the paper, but the volume changes looked rather large. | would 


whether Dr. Austin has any data showing the relation between thes 


C. H. Herty 


volume changes and the cracking shown in his photomicrographs. 


When I first read Dr. Austin’s paper, my mind imme- 


diately went back to the first high manganese rail that was made in a steel plant 


I started in. I remember we very carefully figured out the tensile strengt! 


from the existing data and made the heat according to a certain carbon and 
manganese specification. The rails rolled beautifully. 


When the rails went to the drop test, you would have thought the war had 








started all over again; they boomed like big guns. 











The result was that th 


In charge alloy steel and iron development, The International Nickel ( New 


City. 


8Director of Research, mining and metallurgical advisory boards, Carnegie Institut 
Technology, Pittsburgh. 
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tions had to be changed to get away from this brittleness. I think Dr. 
ist paper is very pertinent in this respect. 

ey are finding in industry now that the best results that can be ob- 
rom these high manganese rails are in a semi-heat treated condition. 
| know of two plants that are normalizing these steels, somewhat the same 
‘ype of thing that Dr. Austin is doing. 
| think work on this particular range of carbon and manganese contents is 
tremely important from the standpoint of utility and safety. 

| would like to say this about those steels in connection with some work 
ve have been doing on impact testing. We have started out on impact testing 
vith this in mind There must be some reason why two heats of a given 
nalysis. say, 0.40 carbon and 0.70 manganese, should give an impact of 12 
foot-pounds and 22 foot-pounds when, as far as we know, they are made in 
he same way. 

We have found this (which checks with Dr. Austin’s work) that given 

identical heat treatment one steel would have a ferrite content of 20 per 
eit and another steel of the same analysis would have a ferrite content of 
{5 per cent, and the impact values that are obtained from the two steels are 
proportional to the amount of ferrite and the composition of the ferrite. That 
s a fundamental concept. In other words, the amount of ferrite controls the 
ductility effects that you get in impact testing, and the amount o: ferrite varies 
tremendously in steels of the same composition. We have taken, for example, 


two steels of the same composition and found that in the annealed state both 


steels contain 45 per cent ferrite. In the normalized state, from a half inch 
to a l-inch bar, one steel may contain 7 per cent of ferrite and the other 
25 per cent ferrite. The rate at which these steels recrystallize, the rate at 


which they form ferrite from austenite, is important from the standpoint of 
using these steels and the performance they give in service. 

| am sorry that I did not have access to the original photomicrographs 

Dr. Austin. We might have given some concrete evidence on how our 
work checks with Dr. Austin’s. However, by looking at the micrographs it 
is evident that Dr. Austin has increased the amount of ferrite and thus raised 
the impact value, and in certain ranges of composition, particularly in high 
manganese steels, that is extremely important. The impact value can be 
raised if you can raise the amount of ferrite in that steel. 

| would like to congratulate Dr. Austin on this paper. I think he has 
done a very great service to anybody who is interested in the impact strength 
ot that type of steel and in other types of steel. 


Author’s Closure 


Mr. Fulton suggests that all these steels are much better after a quench 
and draw, but that otherwise a double normalizing gives material improve- 
ment. I feel that this is true when the carbon and manganese contents are per- 
mitted to reach the values given in the appendix to the paper, but when the 
not above 0.4 per cent and the manganese say 1.4 per cent, a double 
lormalizing puts the steel in the condition providing optimum physical 










































































































































































































































Probably 


the machinability was improved by the double treatn 
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comments were made by the engineer who prepared the test sampk 
can presume that the treatment did not increase the machining difficult 
difference in machinability would be due to the production of a 


structure, rather than to any relief of internal stresses. 


An e 


ffort 


correlation of Brinell hardness values with heat treatment was not < 
as I mentioned in i 


the paper. In any 


case, it 


relationship between hardness and machinability. 


Mr. Frank asks for data on the as-cast steel. 


obtained from tubular products. 
ments how the test bar in his own work was double normalized. 
treatment at 915 degrees Cent. (1680 degress Fahr.) may be assumed to be 4 
homogenizing treatment. 


ture. This tends to lead to the development of a coarse structure with separa 


is unwise 


The only steel availab! 


to 


assume 


TI 


As 


\ 
1 


It is not quite clear from Mr. Frank’s com 


Initia 


part o 
a normalizing treatment, 915 degrees Cent. is regarded as too high a tempera 


tion of ferrite in relatively large particles, leaving little excess ferrite in | 


transforming eutectoid. 


If this is the case, then a higher temperature would 
be more desirable, followed by cooling through the critical range. 


It is considered that this probably permits the less 


ductile pure eutectoid aggregates to impose their more brittle characteristi 


properties on the steel. 
strength, just as in the case of ordinary carbon steels. 
been of great interest if Izod values had been available on the steel discussed 


by Mr. Frank. 


impact values. 


Dr. Woldman’s contribution is of 


| believe that the test samples would have shown rather low 


particular interest by 
manner in which he illustrates the importance of giving greater attention t 


virtue 


Large ferrite areas also lead to a decrease in {| 


ul 


{ 


I think it would hav 


of Une 


the heat treatment of pearlitic steel manufactured products; in some cases 


appears that 


content is allowed to reach too high a figure. 


“some 


attention” to heat treatment constitutes an 


In general, the higher tl 


advance 
would like to add, however, that in many instances the total manganese-carbor 


manganese analysis the less the carbon which can be permitted to remain i 


the alloy. I have cited an extreme case in the appendix. 


Undoubtedly the application of the steel is of considerable importance 1 


considering just what composition may be permitted. 


Relative to that point | 


feel that I agree with Mr. Strauss that a modification of the steel by the addi 


tion of another element is really the answer to the problem of overcoming th 
carefully controlled treatment that seems to be necessary for these steels having 
a carbon plus manganese content on the high side. 


As I stated, it seems that the percentages I gave for manganese and carbot 


are safe for fabricated products (1.4 


carbon). On the other hand, when we reach 1.8 per cent manganese with | 


per cent 


manganese 


per cent carbon, we seem to be definitely in the danger zone. 


I very much appreciate the contribution from a member of the Carnegt 
Metallurgical Bureau where so much noteworthy research has been conducted 


on the iron-manganese alloys. 


and 


0.4 


[ was able to supply Mr. Gensamer with a sample furnished by Dr 


per cent 


Spel 


At present there is not 
sufficient information available to state just where the danger line appears 
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the identical steel used in the experiments which I have described to you, 
\{r. Gensamer’s dilatometric observations confirm that any change in 
temperature from which the steel is cooled has no effect on the temperature 
transformation. His observation relates essentially to the use of the 
‘latometer as a substitute for thermal analysis. 
lhe work described in my paper was completed some three years ago, and 


nly more recently that the advantages of dilatometric analysis have been 
emphasized by Mr. Gensamer and his colleague. 
| \n important point made by Mr. Gensamer is that relating to the amount 
‘ree ferrite in the heat treated steel. On page 445 of the paper it is stated 
that the annealing was conducted so that the aggregation of free ferrite was 
1 think 


\lr. Gensamer states the theory concisely by use of the phrase “microscopically 


restricted to a minimum in order to give optimum physical properties. 


more homogeneous”. 

| have already made reference to the remarks made by Mr. Strauss, and | 
believe that the modification of these medium manganese steels by the addition 
‘ small amounts of one or more elements would provide a fruitful field for 
research. The mechanical properties he cites for a manganese-chromium- 
vanadium steel are of considerable importance. 

Ihe contribution by Mr. Thum is welcomed and appreciated. I refer to 
Mr. Thum’s contribution to our knowledge on these steels on the first page of 
the present paper, and I appreciate the fact that the “Lackawanna rails” area 
viven in his diagram (Fig. 1) in the paper cited les in a manganese-carbon 
omposition region very close to what I have termed the danger zone. 

It should be clearly noted, however, that the purpose of my paper was to 
analyze the effects of heat treatment on the properties of 1.4 to 1.6 per cent 
nanganese and 0.4 per cent carbon steel and to demonstrate the superiority of 
such properties over those found in the rolled steel. It was certainly not my 
intention to have any user infer that these steels “are dangerous to use unless 
properly heat treated”, for these same steels are used with advantage every 
Nevertheless, it 
is unportant to note the marked increase in the numerical value of the properties 
which result from proper heat treatment. 

On the other hand, in the appendix to the paper I have attempted to give 


lay in fabricated tubular products in the as-rolled condition. 


warning to the serious effects on ductility which may be expected when the 
carbon reaches about 0.65 per cent with 1.8 per cent manganese. The appli- 


cat 


ation of such a steel to any commercial purpose in the as-rolled state would 
seem to be undesirable. 


difficult 


Mr. Thum indicates that the railroad people have 
y in properly adjusting the relationship between carbon and manganese, 
ind that if both elements are on the high side of the analysis at the same 


t t 
ime 


, they are liable to get some rails broken in service. It would be a definite 


advance in our knowledge of these alloys if “safe limits” could be more clearly 
lof j 
lehnec 


i 


With reference to Mr. French’s question on temper brittleness, I must 
| 


idm +] new ate ‘= » 7” - ' ‘ 1 ’ 
1amit that I have no data on this property. The nature of the investigation 


vould 


not reveal the presence of temper brittleness even if the steels were 


usceé ntihle 
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Neither do I have data to permit correlation between dilation a1 
as shown on the photomicrographs. Experience with these steels, how 
cates that what I have termed the pseudo martensitic structure is | 
completely devoid of ductility, and it is reasonable to assume that th 
set up by differential dilation result in the formation of incipient cra 

Dr. Herty brings the discussion back to rail steels and his experience sy} 
stantiates the comments in the paper with respect to the danger lurking jp +, 
utilization of the steels without careful control of manganese ph 
content. This statement holds despite the lack of respect with whi 
may regard any form of impact test. 

I consider that Dr. Herty raises an important point when speaking 
amount of tree ferrite separating in the steel, but I am not quite sure whe 
I completely agree with his analysis of the problem. He states that th 
impact value is greater the greater the amount of ferrite which is allowed { 
separate from the gamma solid solution prior to the eutectoid transformatio 
i agree completely with this statement, but I must add that the state of age 
gation of this separated free ferrite is of paramount importance. 

In his 0.4 per cent carbon 0.7 per cent manganese steels Dr. Herty was 
able to estimate the amount of free ferrite by planimetric methods under 
microscope at low magnifications. During my own research some three years 
ago I attempted a similar analysis, but even at high magnifications was unabl 


11 


to attain much success, due to the fine structure of the higher manganese al 
However, we appeared to obtain fairly conclusive evidence that the in 
provement in the impact values depended on :— 

1. The maximum separation of free ferrite before the eutectoid trans 
formation took place. 
The least possible aggregation of these separated ferrite particles 





When the free ferrite particles were permitted to aggregate to form areas 
such size that they could be readily discerned under the microscope, then ther 
was a fall’ in impact strength. As previously mentioned, the state “mic: 
scopically homogeneous” appeared to be most desirable. 

Thus I am in agreement with Dr. Herty on the importance of maximun 
ferrite separation, but I am uncertain as to how to interpret his view 


+ 


“ferrite aggregation”. Furthermore, there may be important differences in 







effect of this latter factor on steels of such different manganese content. 
Finally I should like to conclude by expressing my thanks and appreciat! 
to those who contributed to the discussion of this paper. 
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TRANSFORMATION IN THE CARBIDE PHASE 
DURING GRAPHITIZATION 


By H. A. Scuwartz, Kent R. VAN Horn Anp C. H. JUNGE 


Abstract 


New data regarding the cementite phase in the tron- 
carbon system are presented. It is shown that cementite 
during the process of graphitization is not of constant 
composition, hence 1s Fe,C only tf certain time-tempera- 
ture conditions have been realized. 

The chemical and crystallographic characteristics of 
this new variant of tron carbide are recorded. 

The sequence of changes in the cementite phase dur- 
ing graphitization are worked out. 

It is suggested that the term cementite should be ap- 
plied to any phase of this space lattice, the term tron 
carbide being reserved for such a phase when of the com- 
position Fe,C. 


INTRODUCTION 


jee ) of the authors, with Johnson, have suggested that cementite 
is not always of the composition Fe,C. Bates and Lawson,’ with 
one of the authors have shown that the composition may vary in 
either direction from the theoretical, a higher carbon content being 
perhaps associated with graphitization. Schtiz and Stotz,* show that 
cementite in white iron heated to graphitizing temperature decreases 
in amount for an appreciable time before temper carbon forms and 
assign this to the time required to saturate austenite, erroneously in 
our opinion. 

It is the purpose of the present paper to elucidate further the 
changes occurring in cementite during the process of graphite forma- 


H. A. Schwartz, H. H. Johnson and C. 


H. Junge, “Graphitization of Prequenched 
White Cast Iron,” : 


TRANSACTIONS, American Society for Steel Treating, Vol. 17, 1930, 
‘A. A. Bates and D. E. Lawson, ‘Metastable Equilibrium in Hypereutectoid Iron- 
on Alloys,’ Transactions, American Society for Steel Treating, Vol. 18, 1930, p. 659. 
Schiiz and Stotz, ‘‘Der Tempergusz, Springer,’’ 1930, p. 56 et seq. and Fig. 42. 

\ paper presented before the Fourteenth Annual Convention of the society 


held in Buffalo, October 3 to 7, 1932. Of the authors, who are members of the 
society, H. A. Schwartz is manager of research and C. H. Junge is a member 
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‘an Horn is research metallurgist, Aluminum Co. of America, Cleveland. 
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tion. It is recognized that no equilibrium condition can be 


and studied, the changes being transient in character and end 
the complete destruction of cementite. 


EX PERIMENTAL 


The raw material was a white cast iron of the following con 

position : 

Carbon 2.30 per cent, Silicon 1.20 per cent 
This material was used in an earlier investigation of graphitizing 
conditions.* 

The A,, line of this material is accurately known from that in 
vestigation. Its A.m line may be approximated by considering it ; 
straight line joining the pearlite point for the given silicon content as 
determined by Hayes and Wakefield’ and the lower end of the eutectic 
line as determined by Gontermann.*® 

These methods are necessary for it is not possible to work as did 
Bates and Lawson, with two alloys differing only in carbon content 
It cannot be postulated that under the present conditions not corre 
sponding to any equilibria, two solutions in different alloys would be 
of the same composition. Nor can we proceed without making som 
assumption as to the density of the carbide. As a first approximatior 
the value 7.5, an even figure near the value for Fe,C, was chosen 
There is here a certain possibility of error for which a partial cor 
rection may be made as described later. 

The procedure consisted of heating specimens at various tem 
peratures for a time sufficient to cause a fair degree of graphitization 
and quenching. The graphite was then determined gravimetricall) 
and the density by the Archimedean principle. The volume percent 
age of the carbide phase was determined planimetrically by the inte 
cept method. Evidently the data permit the calculation of the cai 
bon content of the carbide phase assuming the solid solution to be 
either austenite or boydenite. The observational data and calculated 
results may be tabulated as follows: 

‘H. A. Schwartz, Payne, Gorton and Austin, “Conditions of Stable Equilib: 


in Iron-Carbon Alloys,”’ Transactions, American Institute of Mining and Metallurg: 
Engineers, Vol. 69, p. 791. 


‘Anson Hayes and H. U. Wakefield, ““The Carbon Content of Pearlite in Iron 
Alloys Containing One Per Cent Silicon,’’ TRANSACTIONS, American Society 
Treating, Vol. 10, 1926, p. 214. 


*W. Gontermann, ‘“‘Iron-Silicon-Carbon Alloys,” Journal, Iron and Steel 
83, No. 1, p. 421. 
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Wl 
Per Cent Carbon in 
; Carbide if sol. is 
Total Vol. of Carbon Concentration Aus Boy 
Carbon Graphite Carbide Density Austenite Boydenite tenite denite 
30 nil 26.0 7.714 0.62 ee 7.28 
2.30 0.05 16.7 7.702 0.62 sn 10.7 ; 
Q 2.30 0.48 15.0 7.639 0.72 0.56 8.21 9.13 
- ; 274 2.30 0.15 7.’ 7.656 0.85 0.66 8.44 35 
ing com- Q 2.30 0.06 20.2 7.668 0.94 0.76 7.52 8.25 
2.30 0.23 16.2 7.659 1.00 0.82 o 76 8.7] 
> 30 0.05 20.1 7.665 1.04 0.88 7.19 7.85 
30 0.10 15.2 7.660 1.16 1.04 8.15 8.83 
, 2.30 0.16 16.1 7.667 1.26 Pay 6.86 7.34 
} y { 3 0.55 11.9 7.587 1.40 1.38 +.44 4.59 
ny | 2.90 i3 : 
Apnitizing . > 30 0.71 8.8 7.592 1.54" 1.62* 2.24 1.41 
i ‘The carbon content of boydenite is almost certainly lower than that of austenite. The 
that 1 is probably due to an inaccuracy in our assumptions as to the carbon content of 
sien . istenite. 
-ring it 
ontent as 
l€ eutectic \ constancy at high values of carbon concentration in the carbide 


up to about 900 degrees Cent. (1650 degrees Fahr.) is observable fol- 
lowed by a great decrease in carbon concentration with rising tem- 


irk as did 


1 content perature. 


1ot corre It was thought that perhaps the high carbon carbide phase was 
would be decomposed analytically, graphite being obtained which did not origin- 
cing som ally exist as such. The volume per cent of graphite in one sample was 
oximatior hecked by outlining the carbon spots in a photomicrograph and 
is chosen weighing the paper. A volume percentage about twice that corre- 
irtial cor sponding to the analytical determination was obtained, perhaps due to 
opening out during polishing of the voids formed by carbon. This, 


ious tem s though not good agreement, at least disposes of the possibility of some 


yhitization graphite originating by chemical attack. 

metricall} The original hard iron and specimens quenched from 888 degrees 
e percent Cent. (1630 degrees Fahr.) and 1050 degrees Cent. (1920 degrees 
the inter Kahr.) were examined by the usual X-ray diffraction methods using 
f the car the standard General Electric apparatus; the planar spacings being 
tion to be obtained by the reflection of the X-ray beam from the surface of a 
calculate f piece of each specimen are shown in Table IT. 

Equilibriw : DISCUSSION OF DATA 

Metallurg 

es (he following results were obtained from the reflection photo- 
ty for Ste eraphs: 


|) The alpha iron lines in the patterns of the speciznens which 
en quenched after treatment at 888 and 1050 degrees Cent. 
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Table II 
interplanar Spacings of a Sample of White Iron. Armco Iron Standa; 
Exposed 48 Hours 


Intensities Remarks 
Weak 
Very weak 
Weak Probably 
Weak 
Weak 
Weak 
Very strong Alpha [ron 
Weak 
Weak 
Weak 
Weak 
Weak 
Weak 
Very we: 
Very wei Probably Alpha Iron K 
Very weak 
Weak 
Medium Alpha Iron 
Weak 
Very we: 
2 Very weak Questionable 
.215 Weak 
1.184 Very we: 
168 Strong Alpha Iro1 
1.126 Weak 





Interplanar Spacings of White Iron, Quenched from 888 Degrees Cent. 
Armco Iron Standard. Exposed 48 Hours 


"ery weak Questionable 
‘ery weak Questionable 
ery weak Questionable 
‘ery weak Questionable 
ery weak Questionable 
‘ery weak Questionable 
‘ery weak Questionable 
"ery weak Questionable 
Medium 

Weak Checked line, 
Medium 

Weak Questionabl 
Very strong Austenite 
Very strong Alpha Iron 
Medium 

Medium 

Medium Austenite 
Very weak Questionable 
Weak 

Very weak 

Medium 

Very weak 

Weak 

Weak medium Alpha Iron 
Weak 

Weak medium Austenite 
Weak 

Very weak Questionable 
Medium Alpha Iron 
Weak 

Weak 

Weak 

Weak Austenite 
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Table Il (concluded) 


jar 
interplanar Spacings of White Iron, Quenched from 1050 Degrees Cent. 
Armco Iron Standard. Exposed 48 Hours 
Spacings Intensities Remarks 
2.61 Very weak Questionable 
co Very weak 
c 9 37 Weak s 
25 Very weak Questionable, possible Alpha Iron K8 
14 Very weak Questionable, possible Alpha Iron Kf 
2.08 Very strong Austenite 
2.048 Medium Questionable, checked line 
2.020 Strong Alpha Tron 
1.965 Very weak 
1254 Very weak Austenite 
809 Medium 
759 Very weak 
721 Very weak 
689 Very weak 
K 1.638 Very weak 
1.58 Very weak 
507 Very weak 
43 Weak Broad line; Alpha Iron 
1.329 Weak 
28 Medium Austenite 
.217 Weak 
170 Medium Alpha Iron 
13 Very weak 
1.112 Very weak 
092 Medium Austenite 
048 Weak Austenite 
012 Weak Alpha Iron 
“ent. 0.907 Weak Alpha Iron 
1630 and 1920 degrees Fahr.) were wide and blurred due to dis- 
tortion produced by quenching or possibly a very fine grain size. 
[he ferrite lines in the unquenched iron were sharp and well defined. 
(2) The sample quenched from 1050 degrees Cent. (1920 
Alpha Iron ke Ie «© degrees Fahr.) contained considerably more gamma iron solution 
than the specimen quenched from 888 degrees Cent. (1630 degrees 


Kahr. 


The gamma iron reflections in the film of the sample 


quenched from 1050 degrees Cent. (1920 degrees Fahr.) registered 


i decided expansion of the face-centered cubic lattice, Einar Ohman,’ 


suggesting the interstitial introduction of solute carbon atoms. 
The sample quenched from 888 degrees Cent. (1630 de- 
grees Kahr.) contained appreciably more cementite than the cast iron 


a. 
(J) 


quenched from 1050 degrees Cent. (1920 degrees Fahr.). The 
cementite reflections in the pattern of the specimen quenched from 


S88 degrees Cent. (1630 degrees Fahr.) possibly indicated a slight 
contraction® of the cementite lattice as determined from the pattern 


lron-Carbor 


At 





Fis 


{ 


tact 


of 


another 
Alloys,”’ 
se School of Applied Science, Cleveland. 


tron and Steel Institute, Vol. 123, 


Ohman, “X-Ray Investigations on the Crystal Structure of Hardened Steel,” 


1931, No. 1, p. 445. 


contraction has been more definitely observed by one of the 


“Notes on Metastable Equilibrium in Hypereutectoid 
Ivanso, 1931, unpublished thesis, Department of Metal 
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of white cast iron. A lattice contraction would perhaps sj 


simple substitutional introduction of carbon atoms. The pai 


measurements of the cementite present in the specimen quen 
1050 degrees Cent. (1920 degrees Fahr.) could not be ac 
ascertained because of the very weak reflection due to the p: 
of the small quantity of the phase. 

It has been suggested elsewhere® that boydenite may be a subst; 
tutional solid solution and austenite additive (i.e. interstitial). Ty, 
observed expansion of the solid solution lattice suggests that it 
austenite and creates a presumption in favor of the data calculated 
on that supposition. This presumption does not, however, amount 
to positive proof, and certain experiments were performed in order 
to determine whether the expansion could be otherwise accounted for 

A specimen of the same metal was quenched from stable equili- 
brium at 1000 degrees Cent. (1830 degrees Fahr.), that is after the 
cementite had completely disappeared. The interplanar spacings 
were then measured under the same conditions as before. For com 


parison the interplanar spacings of Armco iron both quenched and 


Table II! 
Interplanar Spacings of Hard Iron, held to Equilibrium at 1000°C, then Water Quenched. 


Spacings Intensities Remarks 
2.08 / Strong Austenite 
.024 Very strong Alpha Iron 
81 Medium Austenite 
.433 Medium Alpha Iron broad lin 
.279 Medium Austenite 
.173 Medium Alpha Iron 
.092 Weak Austenite 
.046 Weak Austenite 
.017 Very weak Alpha Iron 


bm peed eth feed eh eh tet fl 


Interplanar Spacings of Armco Iron, Quenched from 1050 Degrees Cent. 
(1920 Degrees Fahr.) 

2.27 / Very weak Kf Alpha Iron 

2.080 Very weak Probably Austenite 

2.026 Very strong Alpha Iron 

1.438 Strong Alpha Iron 

8.73 Strong Alpha Iron 

1.018 Medium Alpha Iron 

0.909 Medium Alpha Iron 


Interplanar Spacings of Armco Iron, Annealed from 1050 Degrees Cent. 
(1920 Degrees Fahr.) 

2.025 a° Very strong Alpha Iron 

1.431 Medium Alpha Iron 

1.173 Strong Alpha Iron 

1.018 Medium Alpha Iron 

0.909 Medium Alpha Iron 


°H. A. Schwartz, “Evidences Concerning the Location of the Carbon Atom in Boyde! 
ite,”” TRANSACTIONS, American Society for Steel Treating, Vol. 11, 1927, p. 2 
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led from 1050 degrees Cent. (1920 degrees Fahr.) were re- 


The data are tabulated in Table IIT. 

[he X-ray pattern of the white iron held at equilibrium at 1000 
legrees Cent. (1830 degrees Fahr.) showed gamma iron solution 
lines which revealed a lattice identical in dimensions with the cell 

the white iron sample quenched from 1050 degrees Cent. (1920 
leerees Fahr.). The lattice is considerably larger than that of the 
iron quenched from 888 degrees Cent. (1630 degrees Fahr.) or the 
vamma iron lattice of pure iron obtained by extrapolation (Ohman, 
loc. Cit. }. 

No difference in the alpha iron lattice dimensions of the quenched 


"1 
all 


id annealed Armco ingot iron samples could be detected. The 


alpha iron lattices were similar to the white iron held at equilibrium 


at 1000 degrees Cent. (1830 degrees Fahr.) and are slightly larger 
than the calculated alpha iron lattice (Westgren). The white iron, 
quenched from 1050 degrees Cent. (1920 degrees Fahr.), alpha iron 
lattice was about the same and the white iron, quenched from 888 
degrees Cent. (1630 degrees Fahr.), had dimensions possibly slightly 
smaller than the calculated. All the alpha iron lattice dimension 
variations were very small, only slightly above the limits of accuracy 
of the method and not of the same order of magnitude as the ob- 
served gamma iron parameter variations. 

\ very weak, but definite line occurred at 2.08 A on the pat- 
tern of the quenched Armco ingot iron sample. This position cor- 


Table IV 
Interplanar Spacings in Angstrom Units 





Austenite Reflections 


White Iron Calculated 

— Calculated from Jeffries’ 

1000°C from and Archer’s 
888°C 1050°C (1830°F) Ohman’s value value 
(1630°F) (1920°F) Equilibrium 3.562 A 3.60 A 
2.065* 2.08 2.08 2.057 2.078 
L735 1.809 1.81 1.781 1.800 
1.27 1.28 1.279 1.260 ee 
1.085 1.092 1.092 1.074 1.084 
1.040 1.048 1.046 1.028 1.038 


Alpha Iron Reflections 
White Iron 


Calculated from 19000°C Armco Armco 

Westgren’s value 888°C 1050°C (1830°F) Ingot Iron Ingot Iron 
8607 A (1630°F) (1920°F) Equilibrium Annealed Quenched 
2.023 2.015* 2.020 2.024 2.025 2.026 
1.43 1.423* 1.430 1.433 1.431 1.438* 
1.169 1.169* 1.17060 Liza 1.873 1.173 
1.012 1.012* 1.012 1.017 1.018 1.018 


.906 .904* .907 909 .909 909 
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responds to the most intense austenite reflection. No other : 
lines could be detected. It is probable that this line is a gam: n 
reflection and if so, the lattice would have about the same dimension, 
as the austenite cell of the white iron (1050 degrees Cent.) samp] 
The comparison is summarized in Table IV. . 

The data of Table IV, especially a comparison of the second and 
third columns, certainly do not permit of any conclusion as to whether 
the carbon concentration of austenite or boydenite should be used jy 
computing the carbon content of cementite. 

The data of Table II correspond to an average expansion of 
interplanar spacings of 0.76 per cent as between material quenched 
at 888 and 1050 degrees Cent. (1630 and 1920 degrees Fahr.). De. 
pending on whether one takes the data for austenite or boydenite 
this amounts to an increase of carbon solubility of 1.3 or 1.9 atom 
per cents. According to the data of Wever'® and assuming that i; 
either case the solution is additive or interstitial, a lattice expansion 
of 0.36 per cent or 0.53 per cent is indicated. The observed expan- 
sion is one and one-half or two times the expected. We have cal- 
culated the expansion in this manner, hoping to exclude from the 
comparison any elastic expansion retained by rapid supercooling. 

Ohman’s data (Fig. 2 loc. cit.) show an expected expansion 
between the specimens quenched from 888 and 1050 degrees Cent 
(1630 and 1920 degrees Fahr.), of about 0.8 per cent as against the 
observed 0.76 per cent but require an expansion of 1.6 per cent in 

























\\ 


the gamma iron lattice due to its conversion into saturated austenite 
at 1050 degrees Cent. (1920 degrees Fahr.). The observed expan- 
sion is only 1.1 per cent. 

The fact that in nearly pure iron the gamma iron lattice was 
apparently expanded as much (1.1 per cent) as in the presence 0! 
nearly 1.5 per cent combined carbon seems to cast further doubt 
on any correlation between carbon content and lattice dimension 10 
such drastically quenched material. The observed expansion, |. 
per cent, comparing the planar spacings of the specimen quenched 
from 1050 degrees Cent. (1920 degrees Fahr.) with the normal 
spacings is, nevertheless, identical with the value which would be 
predicted from Wever’s Fig. 3. 

It is not to be rashly concluded that the existence of an additive 
solution after drastic supercooling is evidence of its existence at the 






WWever, “Zur Kenntnis des Mischkristalles-Eisen-Kohlenstoff,’’ Mitteilungen aus den 


Institut fir Eisenforschung, Vol VI, Part 1, 1925. 
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quenching temperature. This atomic arrangement characterizes the 
metastable solution and even if the stable solution be substitutional, 
‘tt would be prone to pass over into the metastable as it becomes 
upersaturated during a rapid temperature decrease. 

[he diffraction data are not to be misinterpreted as a disserta- 
tion on the space lattice of boydenite. Contractions of lattice such 
as observed in cementite are believed to be fairly definite proof of 

anges of arrangement, as the sources of confusion all seem to 
result in abnormal expansions. 

Consulting Table I we find by interpolation that if austenite be 
the solid solution at 888 degrees Cent. (1630 degrees Fahr.), 
cementite contains about 7.43 per cent carbon and the diffraction 
data show a decrease in lattice parameter of the order of magnitude 
of 2 in 1000, that is, a decrease in volume of about 0.6 per cent. 

Consider now the effect on density of substituting carbon atoms 

-jron atoms and vice versa in the cementite lattice. Let there be 
” atomic per cent of carbon. 
I2 n 


per cent of carbon ~ ~ 
12 n + 56(100 


1200 n 


5600 44 n 


12 n + 56(100 n) 16 
Mass per unit cell — —— (2) 


100 N 
re N is Avogadro’s number and 16 is the number of atoms in a lattice cell 


300 + 5600 1400 16 


100 N 
4500 16 


100 N 


FesC when n 


12 n + 5600 56 n 
Gr. (FesC —_———— - - - 


5600 


4500 
in terms of C and substitute in (4) 


5600 C 


1200 + 44 C 
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Sp. Gr. (FesC 1) or — 
45 1200 + 44 C 


Since the accepted density of Fe,C is near 7.66 and quench 


888 degrees Cent. (1630 degrees Fahr.) the lattice cell is din 
in volume by about 0.6 per cent the density of any substi 
solution quenched from 888 degrees Cent. (1630 degrees 
will be 


1.006 x 7.66 seinen: sensinestenaenintesiatthcnepemnamtetapas 
45 1200 + 44 C 


1200 
9 586 . _ ame 
1200 + 44 C 


substituting for C the first approximation of its value 7.43, and 


which is believed as good a verification of the first approximation, 
7.5, as the data justify, especially considering the fact that the silicon 
content has not been considered. 

Reasons will be cited later for considering the cementite quenched 
from 1050 degrees Cent. (1920 degrees Fahr.) as Fe.C from which 
some carbon atoms have been removed. 

Assuming the lattice parameter to be identical with that of th 
material quenched from 888 degrees Cent. (1630 degrees Fahr.), 
which can hardly be more than a few per cent in error, the following 
calculation can be made. Call L the loss in per cent of the original 
weight of Fe,C, of carbon from the original cementite; then if C be 
the per cent carbon in the final product, 


100 (6.67 


100 


and the density will be 
1.006 X 7.66 


combining (7) and (8) 


6.67 (; 
. = 7.706 sinettigiillaendior 
100 > 


Applying this equation to the data for 1024 degrees Cent. in Table I 
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p / 523 


again sufficiently close to the assumed 7.5 to require no further 


INTERPRETATION OF RESULTS 


‘ considers that the cementite lattice consists of a 


Hendricks’ 
horhombic cell, carbon atoms being located at each corner, at 
the middle of each long edge, at the centers of the smallest faces 
at the center of gravity of the cell. Each carbon atom 1s sur- 
ounded by six iron atoms arranged at the points of an octahedron 
whose center of gravity is the carbon atom. Adjacent octahedra 
share an iron atom. Iron and carbon atoms have radii closely identi- 
cal with those they have in austenite. It is our understanding that 
\Vestgren (personal conversation) regards these conclusions as gen- 
erally justified by the data. 

We have shown that when white iron is heated sufficiently to 
produce notable amounts of graphite the remaining cementite is identi- 
cal in crystallographic type with Fe,C but the unit cell has become 
slightly smaller. The substance has decreased in density and increased 
in carbon content. The facts are in accord with the view that 
“cementite” in partially graphitized iron at 888 degrees Cent. (1630 
degrees Fahr.) is a solution of carbon in Fe,C in which carbon 
atoms are substituted for iron atoms. At higher temperatures the 
carbon content decreases to far below that of Fe,C, the lattice type 
is still that of Fe,C but its dimensions cannot be accurately deter- 
mined. They certainly have not changed very greatly. 

Substitution of iron for carbon atoms could not occur, on ac- 
count of their great difference in size, without marked changes of 
parameter. Additive or interstitial iron atoms are still less possible 


with an unchanged lattice. The only possible solution occurring to 


us is that the “cementite” arrangement may possess some degree of 


ST: 


tability even without the carbon atoms at the centers of the octahedra. 
This explanation involves the anomaly that first carbon atoms 


crowd into the lattice structure and then leave it. Any alternative 


i 


iypothesis would be open to the same objection since the observed 
tacts are first an increase and then a decrease in carbon content. 


he silicon content can at most be a contributing factor for 


H —— “The Crystal Structure of Cementite,’’ Zeitschrift fiir Kristallographie, 
. Dp . 
art 35/6. 
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Bates and Lawson observed high carbon cementite in gray 
alloys very low in that element. That they did not observe it 
temperatures is perhaps due to the trivial amount of grap! 
occurring there. 

The data shown graphically in Fig. 1 as to the general 
the curve correlating carbon concentration of cementite with ten. 
perature would not be altered by any plausible changes in the assyny 





Fig. 1 


tions as to the carbon content of the solid solution. The absolut 
values of the cementite carbon concentration depend, however, entire! 
upon the concentrations adopted for the solid solution. 

The A,, line underlying our work is capable of accurat 
chemical determination. This is not equally true of the Ag, lin 
We have based our conclusions upon what we regarded as the best 
established published information without assuming  responsibilit 
for the accuracy of such data. 

If one assumes that cementite below A, even in the presence 
silicon should contain 624 per cent carbon, then the eutectoid carbon 
concentration works out as 0.82 per cent carbon. Values compara! 
with those of the binary system are thus obtained. Substituting thi 
value for that of Hayes and Wakefield, the carbon concentration 
cementite at 740 degrees Cent. (1365 degrees Fahr.) becomes 9.6! 
per cent instead of 10.7 per cent and at higher temperatures t! 
correction becomes less. Between 850 and 950 degrees Cent. (150 
and 1740 degrees Fahr.) carbon concentrations in the cementit 
would be obtained of the general order of magnitude of that cor- 
responding to Fe,C. 

Since a priori there is no basis for the assumption that 
presence of 1.2 per cent silicon does not alter the equilibria in t! 
iron-carbon system these considerations need not be regarded as 4 
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criticism of the Hayes-Wakefield data. They are merely referred to 
jdation of the relation between the carbon concentrations of 

cementite and solid solution. 

Other grounds exist for not unreservedly adopting the Hayes- 

Wakefield figure and assigning absolute values to the carbon con- 

tent of cementite at various temperatures, even assuming that the 

limit of solubility of carbon in Fe,C has been obtained. 

1) Some years ago M. M. Austin, under the senior author’s 
direction, observed that in the presence of about 1.2 per cent silicon, 
steel near 0.92 per cent carbon was nearly of eutectoid structure. 

(2) Reed** was unable to secure satisfactory data in the Fe-C- 
S1 system. 

(3) Sohnchen and Piwowarsky,’ in an investigation of the ef- 
fect of silicon on the composition of the stable iron-carbon eutectoid 
expressly point to the fact that their data check those of Hayes and 
Wakefield. 
intention was to determine the metastable eutectoid point and that such 


The German workers ignore the fact that the latter’s 


an agreement would not be expected since the stable eutectoid should 
lie to the left of the metastable. It may, of course, be that Hayes and 
Wakefield unexpectedly realized the stable system. If this be so, their 
data do not conform to our desire to use the carbon concentration of 
the metastable system. Alternatively, the Germans may have un- 
knowingly passed into the metastable system and confirmed the Amer 
ican data. We are unable to decide this question satisfactorily from 
the data available. 

(4) In attempts in connection with the present paper to rede- 
termine the eutectoid concentration in 1.2 per cent silicon steel by 
Hayes’ method except that the specimens. were also examined after 
annealing, very erratic results could be obtained. A steel containing 
0.65 per cent carbon might freeze slowly and appear nearly eutectoid 
but after annealing planimetric measurements evaluated in the manner 
of Hayes and Wakefield gave values somewhat above 0.90 per cent 
carbon. Specimens of ordinary fairly low silicon rolled steels could 
not be made to yield concordant results. A 0.23 per cent carbon steel 


gave 1.18 per cent carbon in the eutectoid. A 0.49 per cent carbon 


L. Reed, “Influence of Special Elements on the Carbon Content of the Iron-Carbon 


t TRANSACTIONS, American Society for Steel Treating, Vol. 20, No. 2, 1932, 

chen and Piwowarsky, “Ueber den Einfluss der Legierungselemente Nickel, 
S Aluminium und Phosphor auf die Léslichkeit des Kohlenstoffs im fltissigen und 
test Kisen,' Archiv fiir das Eitsenhiittenwesen, Vol. 5, 111, 1931-32 
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gave 0.68 per cent. A vacuum-melted cast and annealed st 
taining 0.67 per cent carbon, 0.10 per cent silicon gave 1.12 | 
carbon in the eutectoid. Lacking knowledge of whether the 
ite or boydenite equilibrium is involved and being unable to 
accepted data as to the eutectoid point, it appears safest not to 
the assigning of absolute carbon values for the two phases it 


ALL VU] 


MECHANISM OF INCIPIENT GRAPHITIZATION 


[It seems proven that when a graphitizable mixture of it 
bide and alpha iron is heated above A, after a sufficient lapse 
the tollowing changes have occurred. 

1. Alpha iron has changed to gamma iron. 

2. Some carbon or cementite has gone into solution in gamma 
iron to form a solid solution. Whether in austenite the carbon aton 
plus the six iron atoms located at the center of the enclosing cubi 
cell represent one of the original octahedra of the cementite is an in 
teresting speculation. 

3. Some cementite has been decomposed into carbon and 
gamma iron and the carbon atoms have displaced iron atoms, iro 
atoms resulting from both reactions becoming the solvent for forn 
ing more solid solution, still further reducing the amount of cementit 
This mechanism is perhaps responsible for the observations of Schwz 
and Stotz. Possibly there is a limiting carbon concentration 
cementite, which may or may not be reached before all the carbo 
finally crystallizes out as graphite. If the Hayes-Wakefield data fo 


the eutectoid composition are reliable, such a concentration is in ex- 


cess of 8 per cent just above A, and may be much in excess. The 
compound Fe,C often referred to may represent merely the resulting 
maximum solubility corresponding to the substitution of one carbon 
for one iron in every unit cell. 

4. With increasing temperature (and time’) carbon atoms 
leave the cementite cell to crystallize out in the free state. This de: 
pletion may go even to the point of removing some of the atoms ‘ 
iginally required in the Fe,C arrangement before the structur 
changes to gamma iron throughout. 

5. The crystallization of free carbon with liberation of gamma 
iron, of course, occurs parallel with all these reactions. 


CONCLUSIONS 


It is believed to be shown that temperatures near but not neces 
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con- -arily above A, “cementite,” at least in graphitizable alloys, is not a 
< per lefinite chemical compound but varies in carbon content with the 
he aust remperature. A sudden increase in carbon followed by a continuous 
decrease of carbon with temperature is noted. The rate of decrease 
a - ‘creases greatly with temperature above about 950 degrees Cent. 
S involved 1740 degrees Fahr.). This may be visualized as a solution of gamma 
‘ron in a solution of carbon in cementite although this concept is in- 
tended only as a picture and is not for rigid acceptance. 
{ iron ca \ll cementites, including Fe,C, have similar space lattices but 
a ee not identical parameters. At least in the lower ranges above A, the 
narameter is decreased by the additional carbon content. A mechanism 
for the conversion of Fe,C into other products of graphitization is 
In gamma ® outlined. 


irbon aton It is suggested that cementite and iron carbide are not syn- 
SINS cub onvmous, the former being of indefinite composition characterized by 
ae i a given lattice type, the latter a special case having the composition 


Fe.C, 
arbon and 
itoms, iron : DISCUSSION 
lor torm- Written Discussion: By R. H. Harrington, research metallurgist, 
cementite General Electric Co., Schenectady, N. Y. 
s of Schiz Many investigators have struggled, in private and in publication, with the 
atration havior of iron-carbon alloys during graphitization. The conclusions have 
< Oll ° ° e 
rather varied and considerable mystery yet remains. Any attempt. to 


the carbo , eas 
nalyze these reactions 1s deserving ot commendation. 


‘ { ' . . . o 
Id data t X-ray technologists are generally in agreement that X-ray work of the 
m is in ex- type undertaken by the authors is usually of concise value only when corrobo- 
cess. The ration is possible by some other means. 


oe [he use of the planimeter to determine volume percentages of phases in 
le resulting a1 : , ; ; 
quilibrium structures is not open to much question. Certainly great care 


1 
ryct ot 


one carbon ie pe ai 
ist be exercised in obtaining consistent and accurate data concerning non- 

equilibrium structures by such a method. 
‘bon atoms It is interesting to note that the authors have found the carbon content of 
This de- ® the carbide phase to first increase and then to decrease. It seems that this 
e atoms | - h indicate the resultant action of two different reactions, one being neg- 
igible at the lower temperatures and predominant at the higher temperatures. 
e structure 3 rich Scheil* has recently shown that with graphitization there is a marked 
for the silicon in solid solution bordering the graphite to be oxidized 
of gamlid if to silicic acid or to a silicate. This results in the possible addition of the ele- 
! licon and oxygen to the carbide phase. This causes continued diffusion 
to the graphitizing carbide phase and is effective with relatively small 
percentages. This reaction would be slower with smaller precentages 
fr mot neces 24 rsuchungen “Uber das Wachsen von Gusseisen,”” von Erich Scheil, Archiv fii 
eS (ttenwesen, August, 1932. 
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ot silicon and faster at the higher temperatures. Perhaps this shou 
overlooked as a contributing factor to the lower carbon content of + 
phase as quenched from the higher temperatures. Photomicrograp| 
alloys would be of great interest. 

Might it not be possible to quench filings of the alloys (studi 
authors) from the different temperatures and to thus obtain by mor 
cooling quenched structures even more closely akin to those existing: 
quenching temperatures? X-ray spectra of these filings might vield 
interesting data. 

The authors are deserving of commendation for their attack on s 


a problem and they should be encouraged to continue this type of 


Authors’ Closure 


It is gratifying to note sufficient interest by another in our pro! 


bring out as many fruitful suggestions as are submitted by Dr. Harri 


At his suggestion two photomicrographs are appended showing the metal 


lographic characteristics of the metal when quenched from two ranges, « 
responding to abnormally high and another to abnormally low carbon cont 


Left—OQuenched from 824 Degrees Cent. 
Right—Quenched from 1024 Degrees Cent. 


In order to obtain contrast in these negatives the specimens were drawn ve! 
briefly at low temperatures in order to start the conversion of martensite 
troostite and produce a darker background upon etching. 

It will be understood that the planimeter work on these specimens was dom 
at magnifications three and one-half times greater than the 100 diameters 


which the photographs were made. 


1 
( 
l 


The writer does not understand clearly in what respect planimett 
vations should be different depending upon whether certain structures ar 
librium structures or nonequilibrium structures. It is, of course, cleat 


1) 


interpretation from the results of planimetric data involve assumption 
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: a ty of composition and so on which may or may not be realized if the 
are not known to be in equilibrium. Since the actual obtaining of 
eas is purely a problem of geometry it would seem to make no differ 


1 


t the substances were whose areas were being measured. 


t th, t is. of course, obvious that the carbon contents assigned by us to the 
re a , cementites are in the last analysis average carbon contents and no 
ing at tl monstration has been attempted that any given cementite grain is homo 
ld = : neous throughout. 

: is not believed that any concept as to nonuniformity of composition would 
S six ter the main conclusions of the paper as to the successive changes of carbon 
wor tration with rising temperature. 


his laboratory has had some experience with three different planimetri 


is: the polar planimeter, the intercept planimeter in a special form de 


roblem oned here, and for certain special purposes the weighing of the paper corre 
larringtor = <ponding to the areas of the desired constituent in a print after these areas 
the metal -e heen cut out from the rest of the sheet. 

S, one We have often been tempted to devise also a photometric method but have 
Nn tents done so. 


[he polar planimeter is excellent when the measured constituent is ol 
good size and at least approximately equiaxed. In cases of finer distri 
and especially of thin structures appearing as needles in a picture, it is 
early useless because of the difficulty and labor involved in following exactly 

vutlines. 
\mong the essentials of planimetry is the study of a considerable area in 
iven specimen and any method which will encourage measurements on rather 
rge areas is to be recommended. 
The length of traverse of our planimeter is ten inches and we have genet 
run eight traverses for every photomicrograph at 350 diameters. Usually 
a given specimen at least four photomicrographs have been made in dif 
rent portions of the specimen. It can therefore be seen that the average fig 
ires given represent the study of a fair amount of material in each case. No 
such complete survey would be possible with any polar planimetric method. 
lt has been suggested in personal conversation with Dr. Maurice Becker 
it the change of composition may be associated with the Curie point. We 


ve made no attempts to check this suggestion but have had the general opinion 


+ ¢ 





increased carbon at low temperature occurred as the initial stage of 
phitization irrespective of any particular temperature. 


Possibly one would wish to consider Dr. Harrington’s suggestion of two 





lrawn ve! 


as representing the solubility of gamma iron and of carbon respectively 


irtensite t i nh iron carbide. 

a We are slightly familiar with the work of Scheil referred to by Dr. Har- 
is was don F rington, having had some occasion to experiment in similar fields. We greatly 
iameters at b uestion whether any oxidation to silicic acid or silicates has occurred in our 

3 Mr. Scheil found this true principally where flaky graphite was 
etric obser ® resent, whereas in our specimens the graphite is nodular and present in rela- 
‘s are equ = tivel ute amounts as may be seen from the compositions. 

clear that 4 rthermore, the heat treatments are of short duration and carried on at 
tions as t Fs of a few millimeters of mercury so that little air should be available 
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for oxidation. Having in mind that an ordinary malleable heat 
may oxidize about a quarter of a per cent of silicon to SiOz in the « 


of a white iron casting being annealed and that this oxidation is 1i; 


layer of a few hundredths of an inch thick, we scarcely anticipate 


ference from this phenomenon. 

It is understood from later conversation with Dr. Harrinet 
attaches importance also to the possibility of silicon acting directly to 
composition of phases which are or are trying to become an equilibriu 

If it can be shown that the very low carbon cementites are onl 
tered in the presence of silicon an explanation might be sought along 
of an assumed substitution of silicon for carbon atoms in cementites 
temperatures. During the time elapsing between the reading and pr 
the paper there has been time to perform a few key experiments. 

\ white iron free from silicon but capable of graphitization was 
by first melting wash metal with some 0.30 per cent manganese to 
with its sulphur and also to remove the grosser oxygen content. Th 


was remelted in a magnesia crucible in the Arsem furnace with enough 


zirconium to furnish about 0.30 per cent zirconium. Such an alloy proved to be 


tled and it was, therefore, remelted in air and poured on an iron plate t 
rapid freezing. Such an alloy can scarcely contain over 0.05 per cent sil 


and is probably considerably lower in zirconium than the calculated an 


During a few minutes at 1050 degrees Cent. it graphitizes measurably cont 


ing 0.11 graphite. The carbon content of its cementite was 5.84 by the usual me 


of evaluation. It must be noted, however, that the degree of graphitizatio 


much less than in those alloys showing very low carbon cementite described 


A repetition of the experiment using a time at 1050 degrees Cent. dur 
I 


which 0.31 per cent graphite separates, 1.e., about three times as much as 
fore, gave a carbon content of cementite of 5.27. In the former case th 
cent cementite by volume was 33.62, in the latter 33.40 and since in th 

case the mass is 0.1 per cent by volume graphite and in the latter 0.9 pet 
the per cent cementite referred to the volume of metal (total graphite) is 


7? 


more nearly like 33.73 as against 33.65. It thus appears that in these st 


t 


of graphitization the volume of cementite is not decreased as graphite separate: 


A similar experiment conducted on a melt of wash metal and _ terri 


con containing 0.47 silicon and held at 1050 degrees Cent. to produce 0.03 | 


cent graphite gave a carbon content for cementite of 6.48 per cent; the 
solution in this as in the preceding case being assumed to contain 1.5 pet 
carbon. The value is, perhaps, slightly high in the presence of silicon and | 
the value 6.48 is, perhaps, a little low. 

Since the atomic weight of zirconium is 7.6 times that of carbon, th 
amount of zirconium added to the melt could not substitute, atom tot 
for 0.31 per cent carbon separating as graphite even if there were 
such substitution in the cementite lattice. 

We are thus inclined to believe that the decrease in carbon cot 


“| 


cementite is an accompaniment of the graphitizing process not necessart!) 


volving the introduction of stranger atoms into the cementite molecul 
is not to say that the process may not be facilitated by such substitutiot 





































THE NATURE AND PREVENTION OF INTERGRANULAR 
CORROSION IN AUSTENITIC STAINLESS STEELS 


) 


ry E. C. Barn, R. H. Asporn, Ann J. J. B. RUTHERFORD 


ne Abstract 
c This paper sets forth detailed observations on the 
: levelopment of the characteristic intergranular susce pti- 
“sd hility to corrosive attack in austenitic stainless steel, with 
special attention to the time-temperature relations in the 
in : heating causing the deterioration. Susceptibility is quan- 
titativelv reported as measured by loss of electrical con- 
a | ductivity in a standard corrosive medium. The paper in- 
ry terprets these data as pointing to a definite explanation oj 
ta the phenomenon in terms of local depletion of useful 
ae chromium attending chromium-rich carbide formation. 
oie Methods for obviating this undesirable behavior of 
pk age the alloy are discussed with sufficient data to explain the 
oe mechanism of the remedies. The prevention of serious 
eae chromium-rich carbide formation by means of ample pro- 
aa vision for the fixing of carbon by other carbide-forming 
een clements is set forth with special reference to the necessity 
sa for heating the alloy so as to insure selective carbide 
ee precipitation. Here again the necessity for the time- 
sie temperature concept or the rate-of-reaction viewpoint 1s 
eer set forth. 
ee The failure of magnetic changes, in the general sense, 
oo fo parallel the development of susceptibility to inter- 
at granular, attack is discussed with the thought of caution 
ae; against the general use of magnetic tests to detect inter- 
= a granular susceptibility. 
e separates 
nd ferros INTRODUCTION 
luce 0.03 | 3 
nt; the sol . (v2 of the few shortcomings of the austenitic stainless steels 
1.5 per cent { of the 18-8 type, particularly in the product of early manu- 
on and her tacture, has caused considerable anxiety. The metal, after exposure 
— to moderately elevated temperature in the general vicinity of 1000 
> » §=to 1500 degrees Fahr. (500 to 800 degrees Cent.), has frequently 
ae von | | been found to be subject to a very characteristic form of inter- 
} granular corrosion, even in environments which ordinarily have no 
oo = ¢ffect upon the normal alloy. Thus, metal near a weld sometimes 
ecessarily | : . A 
Jecule. This i; e authors, who are members of the society, are associated with the Re- 
tution » search Laboratories of the U. S. Steel Corporation at Kearny, N. J., Manu- 
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literally disintegrated in use with solutions which did not 
remainder of the article; or sheets of the alloy would suff. 
strength during pickling after an improper heat treatment 
permitted. Whenever metal was found to exist in the 
“sensitive” to intergranular attack, it could be restored to the no, 


mal corrosion resisting state by heating to somewhat higher t mpera 


ture, e.g., 1650 to 2000 degrees Fahr. (900 to 1100 degrees Cent 
followed by rapid cooling. Inquiry into the circumstances preced 
ing disintegration invariably discloses the controlling factor to hay 
been a heating in the damaging range of temperature. Investigations 
here and abroad resulted in ascribing this unfortunate behavior : 
the reactions involved in carbide precipitation and solution and 
comparatively simple, effective remedy has been developed. 

The hypothesis which appears to explain both the symptom: 
and the remedy, postulates that the carbon largely dissolved at hig! 
temperature and permanently retained in supersaturated  solutio 
at ordinary temperatures is rejected in the form of a chromium. 
rich carbide in the grain boundaries at intermediate temperatur 
The formation of such a carbide draws heavily upon the chromiun 
content of metal adjacent to a carbide particle, thereby impoverish 
ing it in chromium below the concentration required for normal cor 
rosion resistance. Accordingly, a vulnerable pathway through th 
metal is opened up along the grain boundaries wherever fine car 
bide precipitation occurs. Clearly, the separation of only chromium 
rich carbide can cause this state of affairs, and if the carbon could 
be induced to withdraw from solid solution without its quota 
chromium, then the alloy would not deteriorate. This can be 
complished by the presence, in sufficient proportion, of an element 
capable of forming its own carbide to the substantial exclusion 
chromium carbide. The elements, titanium, columbium,' and pro! 
ably tantalum, in adequate concentration, combine with most of the 
carbon, greatly reducing the carbon solubility; an entirely negligibl 


ad RG RL ates 


chromium depletion then occurs; and this alloy is not subject t 
intergranular corrosion. The nature of the phenomenon of carbid' 


1Dr, E. Houdremont in conversations in 1931 informed us of Krupp’s experience 
to that time as to the general effectiveness of titanium addition in lessening susceptibility | 
intergranular corrosion. 

The writers are informed through communications from the Union Carbide and | 
bon Research Laboratories that columbium additions completely eliminate intergranular 0 
rosion with no significant impairment of physical properties and that the addition of colum 
bium by ferrocolumbium is easy and efficient. Tests by the authors show that, int 
samples of columbium-bearing material received from the Union Carbide and Carbon Ke 
search Laboratories, no sensitization was developed after heating for 1000 hours at ¢t 
peratures within the range 400 to 1500 degrees Fahr. (200 to 815 degrees Cent.) 
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tation is set forth in the succeeding paragraphs in some 
as a basis for explaining the action of titanium? addition as 


dial agent. 


CHARACTERISTICS OF SENSITIVE METAL 
Intergranular corrosion is not restricted to austenitic stainless 
steel, but may be discerned likewise in aluminum and copper alloys, 
even in low carbon iron, after immersion in solutions which, 
ny reason, etch away the grain boundary material much more 
lly than the metal of the grains themselves. It is by no means 
surprising that corrosion should proceed in this manner, since the 
rain boundary is the initial location of many reactions which tend 
, alter the local composition or constitution of the alloy and thereby 
induce local difference in solution pressure. Metal which has suf- 
fered corrosive attack at the grain boundaries may appear essen- 
tially undisturbed, yet it will be found to possess reduced strength, 
ind. if the attack is severe, to have lost its characteristic metallic 
rine”; bending or twisting causes innumerable cracks which can 
be identified as intergranular, or whole grains may fall away from 
the specimen. Fig. 1 shows a photomicrograph of disintegrated 
metal. If the attack has penetrated through and through, the metal 
lay even crumble to powder, the particles of which are the crys- 
| grains of the metal. 


The electrical resistance of metal from 
which even the thinnest imaginable films of grain boundary material 
have been dissolved is tremendously increased, and a resistance de- 
termination proves to be an accurate measure of the depth of pene- 
tration of the intergranular attack. Figures for depth of penetration 
used in thts discussion were obtained in this manner. 
(he various factors having to do with susceptibility to inter- 
granular attack are discussed under the various headings below and 
nstitute what might be termed “‘the data of intergranular corro- 
~ It may be advisable to state explicitly that at no point in 
discussion is any ‘reference made to the normal or general cor- 
rosion resistance of stainless steel. The data refer exclusively to 
urely intergranular corrosion in a medium—copper sulphate- 
acid solution—which causes no loss in weight on normal 
unsensitized) metal, but which is adjusted in concentration to pro- 
luce the severest possible intergranular attack upon sensitive mate- 
{ the experience of the writers has had to do with titanium-bearing metal and 
behavior is therefore described. It is not believed that the reactions with 


ly carbide-forming elements such as columbium, or even uranium, would dif- 
except perhaps with respect to the actual concentrations involved 
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rial. The susceptibility of the intergranular metal, with res; 
failure to equal in resistance the normal grains themsely 


only factor tested, and this is, in all cases, evaluated by tl 


P at \ ) 


i. if aa 


| me 


\ 
‘ 


Fig. 1—-Photomicrograph of Disintegrated Metal, After Sensitizatior 
Corrosion. < 100. 


in electrical resistance caused by the stated immersion in this 
ticular corrosive medium. 

Temperature and Time-interval Relations in Sensitization 
location of the familiar zones susceptible to intergranular attack o1 


either side of a weld immediately suggests that an intermediate tem 


perature is responsible for the loss of corrosion resistance. 


‘The change in electrical resistance of a specimen, as measured before and after 
mersion in a boiling solution of 47 cc. Sp. Gr. 1.84 HeoSO,y, 13 gm. CuSO,4.5H20 
liter, supplies a measure of penetration. Correlation of results of many tests indicates t 
for specimens % inch in diameter, for example, the following relation betwee 
increase and penetration holds. 


Res. (final) 


Res. (orig ) .0491 
in which p penetration (inch). 


The usual time of immersion depends upon the degree of sensitization varying 
$ hours to several hundred hours. The penetration is computed to mils per 100 | 
the basis of a linear time relation, found to hold satisfactorily over the range of 
employed. This test for susceptibility is certainly vastly more sensitive than 1s 
required, and the lower range of figures is significant chiefly in developmental 
applications of the alloy in contact with extremely corrosive environments. Set 
and Aborn, Transactions, A. 1. M. E., Vol. 100, 1932, p. 293. 
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f this temperature range may be seen in Fig. 2, which shows 


NT e ° P 1 c 

! etration in metal heated for 2 minutes, for 1 hour and for 

Ve S th, js . - e 

f 100 hours at a series of constant temperatures covering a wide 
lé na ; 


The metal is rendered sensitive very slowly at such low 
mperatures as 1000 degrees Fahr. (540 degrees Cent.) and very 


idly at temperatures as high as 1400 degrees Fahr. (760 degrees 


per 100 Hr. 
Q 
S 
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Ie 


grenular Penetration, Mi/: 
dD 
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0 100 200 J00 400 500 609 700 800 
Temperature C. 
2—Sensitivity Measured as Penetration in 100-hour Corrosive Attack, 


Develuped in 2 Minutes, 1 Hour, and 1000 Hours at a Series of Con 
Temperatures Alloy Composition, Chromium 18.1, Nickel 8.9, Carbon 





Q 


Cent.). The chart also shows that at temperatures above about 1180 


n this par- i degrees Kahr. (6040 degrees Cent.) the metal, at first highly sensi- 

ed, is later gradually restored. This observation, further exempli- 

ation—Tl » fied in Fig. 3, is significant in providing an important clue to the 

r attack o1 © role of diffusion in this phenomenon, as later described. For each 

ediate tem- = time interval of heating (at constant temperature) there is one par- 

ance. Th — ticular temperature which induces the severest susceptibility. The 

time-temperature combination for maximum sensitivity is shown 

30. sH.O = in Fig. 4, along with the degree of penetration resulting from this 

= we hens ; maximum.,* 

Carbon Content—That the development of a condition in the 

8-8 alloy wherein corrosion proceeds rapidly along the grain 

boundaries is greatly influenced by the carbon content can be seen 

ying fron » in Fig. 5. Heating for 1000 hours at the severest temperature pos- 

eee : J carried to a 5200-hour heating interval confirm the trend indicated in the 

tal work of 5 a curve of Fig. 4, that little if any increase in degree of sensitization occurs 
DEE ! hour heating. 
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sible induces in the low carbon alloys only a fraction of th 


tibility found in the higher carbon alloys. That neither 
mium content within the range 15 to 19 per cent, nor nick 
the ran 


oe 


re 7.5 to 11 per cent, nor the sum of the two | 


Intergranular Penetration, Mils per 100 /r. 
S Q S S S 
S S S S 


S 


ee | O 
10 100 1000 10,000 100,000 
Period of Exposure et 650%. (1200%), Minutes 


Vie. 3—Sensitization and Restoration at 1200 Degrees Fahr. (6 
Degrees Cent.). Carbon Content 0.08 Per Cent. 


Temperature of Mex. Attack 


01 7.0 10 100 7000 
Period of Exposure to Elevated Temperatures , Hours 


Fig. 4—-Time-temperature Interval Relationship for Maximum Sensitizat 
and Degree of Maximum Sensitization thus Induced. 


“residual iron’) has any significant effect may be inferred | 


from an inspection of the figures of Table I, in which the attack 
parallels the carbon content, but shows no correlation with the nic 
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Table I 
Maximum Intergranular Penetration 
Analysis of Alloy Mils/100 hours 
Cr Ni Cr+ Ni (after 1000 hours heating) 
15.5 8.1 23.6 160 
19.2 $e 26.9 370 
17.4 &.8 26.2 390 
16 8.4 24.7 490 
17 8.9 26.4 620 
16 ban 27.8 580 
18.1 8.9 27.0 670 
18.6 9.0 27.6 900 
16.5 5.0 +e 1450 
17.5 8.6 26.1 1750 


hromium, or iron content of the alloys. Experiment indicates that 
the alloys carrying less than about 0.02 per cent carbon are entirely 
free from intergranular attack. 

Grain Size Influence—I\t has been observed’ that a very fine 
crain in the austenitic steel predisposes the alloy to a retarded sensi- 
tization. The comparison curves of Fig. 6 illustrate this influence 
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Carbon Content of 18-8 Alloys , Per Cent 
Fig. 5—-The Dependence of Maximum Sensitivity Upon Carbon Con 


tent 


of grain size. This observation suggests that some influence upon 
the process of sensitization may be exerted by the relative pro- 
DoTtTl 


ion of normal crystalline material and grain boundary material. 
‘he grain size influence is most marked in the sensitization resulting 


ell, H. D., Transactions, American Society for Steel Treating, Vol. 19, 1932, 
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from relatively short-time exposures to the damaging temperaty 
whereas material heated for thousands of hours is severely 
without much regard to grain size. 

Ferrite Formed During Sensitization—In many sample 
18-8 alloy a definite response to a magnet is exhibited by metal in the 
sensitive state. In a few cases, as the metal becomes more and more 
susceptible to attack (either through maintenance at the damagiy 
temperature for longer and longer intervals, or through heating { 


LOT 


s 


a constant time-interval at successively more injurious temperatures 
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Fig. 6—Relative Development of Sensitivity in Coarse and Fin 
grained Alloys. Chromium 17.6, Nickel 8.8, Carbon 0.05. 

the magnetic induction similarly increases. In the higher nicke! 
alloys, however, the sensitive condition is developed without th 
simultaneous production of magnetic material (ferrite), and a mag- 
netic test is, therefore, no general criterion of sensitiveness in thi 
alloy. The curve of Fig. 7 shows that considerable magnetic in 
duction is developed in an 18-8 alloy during the period of sensitiza- 
tion, but no measurable induction is found in an 18-12 alloy o! 
similar carbon content. It would scarcely be expected that susceptt- 
bility would be closely correlated with magnetic properties in 

broad sense, although in individual cases it may appear to do s0. 
Changes in alloy composition, particularly with respect to the rela- 
tive amounts of chromium and nickel, exert a profound influence 
upon the production of the magnetic ferrite phase during sensitiza- 
tion, although the same changes of composition have very litt! 
effect upon the intergranular deterioration. In general, a_highet 
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Fig. 7—Comparison of an 18-8 and 18-12 Alloy with Respect to Coincidence 
Sensitization and Development of Magnetic Induction. In the Former the 
Magnetic Effect Appears at Higher Temperatures than Sensitization and the 
latter Shows no Magnetic Change after the 1000 Hours Heating. 


nickel content reduces the proportion of magnetic material produced 
without diminishing materially the susceptibility to intergranular 
corrosion. 

Wicroscopic Appearance of Sensitized Material—A typical 18-8 
alloy, as described in publications on metallography, is merely a uni- 
torm solid solution, the grains of which are all of the same single con- 
stituent. Carbon is dissolved in the alloy in accord with the solu- 
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bility curve of Fig. 8. A moderately rapid cooling reta 
carbon which had dissolved at higher temperatures, and, according 
photomicrographs of the typical material usually appear wit 
metallic constituents other than the austenite solid solution. \V}, 


however, an alloy containing over about 0.03 per cent carbon 
heated in the temperature range in the vicinity of 1200 degrees Fahy 
(650 degrees Cent.), a new phase in the form of minute particle 


makes its appearance at the grain boundaries. This is well illustrated 
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Fig. 8—Approximate Carbon Solubility in 18-8 Alloy 





in the photomicrograph of Fig. 9. Such metal is, in general, sus- 
ceptible to intergranular attack. Reheating to temperatures above that 
at which the carbon completely dissolves, in accord with Fig. 8, re- 
moves the dark-etching precipitate at the grain boundaries, and ‘ 
test shows complete restoration of properties. The apparent volume 










of the precipitate under comparable conditions varies with the total 
carbon and reaches zero at about 0.02 per cent carbon; the inference 
has been drawn that it is carbide which is responsible for the gra" 
boundary alteration upon intermediate heating. That no other co: 

pounds are rejected at the grain boundaries could scarcely be 1 
ferred, but the evidence is strong that the grain boundary precip! 
tation is dominantly a matter of carbon behavior. 
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ntaneous Partial Recovery—It has been observed (Fig. 3) 
hile a short precipitation period at certain temperatures may 
igh susceptibility, a longer time interval at the same tempera- 
av effect some improvement in the alloy with respect to inter- 


attack. In general this secondary phenomenon is accom- 


ral war 


inied by an increase in the average size of the carbide particles, and 


diffusion of carbon must, therefore, have occurred; the total volume 


@ 
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Particles 
3000. 


Fig. 9 
Precipitated 


Photomicrograph of Carbide 
in Grain Boundaries. 


t the carbide has increased and the susceptibility has decreased. A 
plausible hypothesis for the whole mechanism should have due re- 


gard for this circumstance. In addition, the partial recovery of fine- 


grained material is more rapid and more complete than that of the 
coarse. 


very It is not unusual to find no susceptibility to specific 


intergranular attack in an alloy containing, for example, 0.10 per cent 
carbon after heating for 1000 hours at 1290 degrees Fahr. (700 
legrees Cent.), in which, however, there are numerous large carbide 

icles of some 0.0005 millimeter in diameter, aggregating, per- 
haps. 1 


per cent of the volume of the alloy. On the other hand, 


severe susceptibility often results from the precipitation of an almost 
I Ce ¢ 1] ] 


ble proportion of the carbon as carbide. Clearly, then, sensiti- 
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zation does not depend upon the actual mass of precipitate: 

Extent of Susceptible Paths—Some information may be 
from the actual loss of weight attending the complete disint: 
of a specimen in the sensitized condition. In an average ca 
two per cent of the total specimen weight is lost in the 
sulphate-sulphuric acid sensitivity test. The greatest weight of car. 
bide (of any suggested composition ) which can possibly be developed 
in such a specimen is about 1.25 per cent, and accordingly the inter. 
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Fig. 10—Sensitivity, in Cold-worked Alloy, Measured as Penetration 

in 100-hour Corrosive Attack, after 2 Minutes, 1 Hour, and 1000 Hours 


at a Series of Constant Temperatures. Compare with Fig. 2, Same Alloy 
Not Cold-worked; Note Difference in Scale. 


granular attack has removed much more than the carbide particles 
indeed, it may be questioned whether they are removed at all except 
mechanically. A fairly wide swath has been cut along the grai 
boundaries through solution of the matrix itself. From this circun- 
stance alone it may be inferred that a serious change has occurred 
in the metal itself near the grain boundaries. 

Influence of Sensitization upon Mechanical Properties—Aus- 
tenitic stainless steel in which carbide precipitation has occurred 
offers no exception to the general rule that the formation of par- 
ticles of a new phase in a metal increases its strength and reduces its 
plasticity. 18-8 metal, for example, which has been sensitized by heat 
ing in the range 1000 to about 1400 degrees Fahr. (550 to 750 degrees 
Cent.) gains slightly in strength and suffers a small loss in reductio! 
of area, elongation, and impact strength. Table II indicates that : 
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Table Il 


Effect of Prolonged Periods of Sensitization on Mechanical Properties 
at Room Temperature 


Tensile 


Tem- Strength Per Cent Charpy Izod 
nal Che mical Time perature Pounds per Elong. Impact Impact 
osition, % Hours Fahr. Square Inch 2 In. f{t.-lb. ft.-lb. 
0.07 1000 -;, Ia 82.5 
a ae 0.5 1000 ae” ee Sy 5 
G 0.5 1000 bare itis Weber we 63.0 
* 8.0 1000 SSO et asceree 42.0 
18.0 1000 Li er ~~ 51.0 
1000 ee 0 selva on 67.0 
0 1110 92,600 60 24.2 m.kg. 
per sq. cm. 
10 30 8 8=«| bw meiows a 21.8 m.kg. 
per sq. cm. 
300 1110 94,800 56 20.8 m.kg. 
per sq. cm. 
0 1290 92,600 60 24.2 m.kg. 
per sq. cm. 
( 0.12 10 eg ey 20.4 m.kg. 
8.6 per sq. cm. 
18.0 300 1290 103,500 47 12.3 m.kg. 
per sq. cm. 
0 1470 92,600 60 24.2 m.kg. 
per sq. cm. 
10 ee 8625 iC ewes a 18.3 m.ke. 
per sq. cm. 
300 1470 98,600 50 3.7 m.kg. 
per sq. Cm. ee 
1 | + oan belera cee Does 112 
1971 ee |) Seve Sues ne re 107 
arbor 0.07 1 a.) «estates: Cle Geen: -_ leeks its 
Nickel 8.0 2059 SE teens. eid ates 104 
mium 18.0 3068 Ree) | ete eae! Pf ated be) anemone 105 
l Pe detec Gel Oh Geto 112 
2307 = cet.) * eligi 1 gneireil 94 
3316 SSC; “oeigramceteny |. «. (hades) Ul etaremsiate 121 
1 ee > neha ler. | | tenn 112 
1971 ee ewes 7 ees) ene ieeeee 106 
1 ee. . © sgaewes . ‘ete 0 ) tepieteue 109 
Carbon 0.11 2059 es | edwin! wee) inate 43 
Nickel 8.6 3068 a. i >cekexe “as Jl ‘eetean 30 
Chromium 18.0 1 [aa 6 ga en ce. Sombeened 112 
2307 oe. -- intea@ee-- “sa b> ewes 55 
3316 Sa gw iangrasan a gape 63 


definite, though not alarming, loss of valuable properties occurs. 
(All properties measured at room temperature. ) 

Che values shown in Table II* refer to metal in the sensitive 
state, but no opportunity was provided for intergranular attack to 
develop, except possibly by air oxidation. Obviously, if the heating 
is carried out in the presence of corrosive gases, then some actual 
intergranular penetration may occur and the physical properties suf- 
ter as a result. It should be recognized that a decrease in Charpy 
impact strength from about 80 to 40 foot-pounds still leaves the 


ta collected in A. S. T. M. Symposium, 1931. ‘‘Effect of Temperature on Proper- 
letals,” p. 482. 
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Fig Slip Bands in Cold-worked 18-8 Alloy. 2000. 


Fig. General Carbide Precipitation upon Slip Planes Within the Grait 
2000. 
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metal in a relatively highly ductile condition. Furthermore, it is 
observed that after heating for thousands of hours at 1300 degrees 
Fahr. (700 degrees Cent.), the metal often completely recovers its 
full intergranular corrosion resistance while the impact strength is 
definitely reduced. The loss of ductility and intergranular sensitiza- 


T) 
Livi 


both accompany carbide precipitation but have, otherwise, no 
fundamental inter-relation. 

Influence of Deformation—The effect of prior cold deformation 
upon the sensitization of the austenitic stainless steels is of major 
importance. Indeed, the subject might, perhaps, have been assigned 
a full chapter without very great over-emphasis. Strictly speaking, 
deformation exerts an influence on several of the characteristics al- 
ready discussed but in the interest of simplicity it will be discussed 
merely as one of the series of factors influencing intergranular cor- 
rosion. Fig. 10 shows the penetration of corrosion as estimated from 
increase in electrical resistance in a cold-worked 18-8 material of 
0.08 per cent carbon content, after 2 minutes, 1 hour, and 1000 hours 
at a series of constant temperatures. This chart should be compared 
with other similar charts for annealed metal, e.g., Fig. 2. It is quite 
apparent that the material has been greatly fortified by the deforma- 
tion against the sensitizing effect of intermediate heating. More note- 
worthy is the remarkably rapid recovery of resistance to inter- 
granular penetration by continued heating at the temperature which 
at first induced sensitivity. At a temperature of about 1100 degrees 
Kahr. (600 degrees Cent.) maximum sensitivity is developed in 
about 2 or 3 minutes, while in about ten hours a complete recovery 
is realized. This metal has been deformed by a reduction in cross 
section of 50 per cent. 

Deformation proceeds in the austenitic stainless steels, as in all 
metals, by the mechanism of slip along crystal planes. Such slip 
planes in 18-8 metal are unusually clearly visible in the microscope, 
as in Fig. 11. The prominence of the slip bands may be due to the 
circumstance that deformation causes transformation of the austenite 
to ferrite (or perhaps it should be designated “low-carbon, high- 


ait ‘ : 99 ° ° ° ° 
alloy martensite’) in these alloys in amounts which decrease with 


-~ 
. 
: 


increase in the nickel and carbon content. Presumably, the bands 


h- 17a 40Pr a: - e c : rT ° 
nave actual width and consist of transformed metal. The important 


i" 





t is that, upon heating, carbide precipitates upon every slip band 
tly as readily as upon the original grain boundaries. The photo- 
graph of Fig. 12 shows the carbide precipitation upon slip 
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planes and it will be observed that an almost general reject 
carbide has occurred instead of the strictly intergranular distributioy 
The profound effect of this circumstance will be further disctsse 
under the heading “‘Mechanism of Sensitization.” 

Influence of High-temperature Ferrite—When the usual ays 
tenitic stainless steels of the 18-8 type are heated in the vicinity 9; 
2400 degrees Fahr. (1300 degrees Cent.) or above, some po: liso 
ferrite are developed; the amount decreases with increase of nickel 
or carbon. Silicon, molybdenum, tungsten, vanadium, chromiun). 
titanium, or aluminum, when in solution, increases the proportion o0{ 
this insular ferrite either as formed by heating or as remaining from 
the original ingot or billet structure. Whenever there is some appre- 
ciable amount of this ferrite a slight change in the mode of carbid 
precipitation occurs. The boundaries of the austenite grains in th 
immediate vicinity of the ferrite masses do not reject carbide so 
rapidly as usual; instead the ferrite pool itself seems to contain most 
of the carbide particles. But these ferrite grains do not suffer as 
severe sensitization as the austenite through precipitation. Probably 
the ferrite regions are much richer in chromium than the austenit 
itself. At any rate, when an austenitic stainless steel contains a fair 
proportion of high-temperature ferrite its sensitization is distinctl 
reduced and retarded, although not to an entirely dependable extent 
Much of the effect of tungsten and molybdenum is probably due to 
the ferrite-forming tendencies of these elements, quite as much as to 
their carbide-forming capacities. 


SUMMARY OF CITARACTERISTICS 


1. The susceptibility to the specific intergranular corrosion to 


which austenitic stainless steel is subject increases in severity with 
continued heating at a temperature in the intermediate range; tt 
reaches a maximum and then with further heating begins to lessen 
At the low sensitizing temperatures this recovery may not begin in 
less than thousands of hours and is, therefore, not ordinarily obser\ 
able. At the higher temperatures the recovery may begin in a few 


hours or less. 


2. The severity of the sensitization is proportional to the car- 


bon content of the alloy with little regard to the content of chromium 


and nickel within the normal limits for the 18-8 or 18-12 alloys. 


3. Coarse-grained material is sensitized more rapidly than finer 


grained metal. 
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\llovs of the ordinary 18-8 compositions develop some smé ll 
of ferrite and, therefore, become magnetic with sensitiza- 
y. The maximum magnetic induction does not coincide with maxi- 


-eyjsitivity and higher nickel alloys become sensitive without 
ing magnetic. 
s An intergranular precipit ation of a phase, almost certainly 


le, clearly visible in the microscope as very fine particles, typifies 


the sensitive metal. 


6. The actual intergranular corrosion involves a relatively wide 


nathway through the metal along the grain boundaries. The carbide 


robably not dissolved, but the portion of the grain near 


rain boundary appears to v anish, 


7. The plasticity of the 18-8 alloy is somewhat reduced with 


nsitization and its hz irdness and strength increase. 


8 Cold-worked metal is more r apidly sensitized, but ultimately 


e 


never so severely as the annealed, and it promptly begins to be re- 
tored with further heating. In this case carbide separation occurs 
on all slip planes substantially as effectively as upon grain bounda- 
ries, giving the effect of a general ré ather than localized precipitation. 

9 In two-constituent alloys, carrying ferrite pools, carbide re- 
‘ection shows a preference for the ferrite regions which do not show 
the sensitization imparted to the purely austenitic alloys. The pres- 
ence of ferrite, therefore, usually reduces sensitization. 


Tue MECHANISM OF SENSITIZATION 


The observations upon metal during and after sensitization de- 
tailed above permit a possible reconstruction of the mechanism some- 


what as follows: 

Upon heating the uniform supersaturated solid solution of car- 
bon (eg., 0.10 per cent) in the austenitic alloy, a temperature is 
re each ed at which sufficient diffusion of carbon may occur to permit the 

‘nation of carbide particles. It is a very important habit of carbide 
‘1 austenitic stainless steel to form almost wholly at the srain bounda- 
ries in the early stages of precipitation. This building of minute 
crystallites of carbide seems to have a pri actically zero rate at tem- 
neratures below about 710 degrees Fahr. (375 degrees Cent.), but, 
at slightly higher temperatures, carbide in appreciz able want 
is formed in a few thousand hours, while as short an intervé al as 2 
seconds at 1400 degrees Fahr. (760 degrees Cent. ) will induce pre- 


7 


even 








































































































































498 


cipitation. 
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Although they have not been measured, the siz 
particles at early precipitation stages must be extremely smal 





Larger particles of carbide in alloys carrying a high chromiy 


content have been analyzed and found to contain some 90 pe; 


chromium. 


The plausible assumption is made that a high 


cent 


r¢ pr 


tion of chromium is likewise combined in the very small particles 
of carbide precipitation at the early stages. Statistically, well oye; 
one-quarter of the atoms on every other plane in the solid solytio, 
are chromium atoms; on certain lines extending through the allo 
every other atom is a chromium atom. In other words, no chro 
mium atom (on the average) is separated from its nearest chro- 


mium neighbor by more than one iron atom, although a represent 


Aila~ 


tive group of 1000 atoms of the 0.10 per cent carbon 18-8 alloy js 








comprised as follows: 


Re SES igo ae 730 atoms 


Hence, the building of a chromium-rich carbide crystallite is not difi 


I iii Wee ase 0 uo oh 5 atoms 
ON SEE ee ee ee 75 atoms 
SOT Te 190 atoms 








il 


cult if the preference for carbon to combine with chromium instea 
of iron is marked, as, indeed, it is known to be. Conceivably, ther 
may be some Fe,C formed in the pre-sensitive stage, but it is be- 


lieved that by the time precipitation is discernible by the microscop 


the carbide is extremely high in chromium—possibly approaching 


ir. 


Fig.-13 sets forth schematically the probable shift in chromiun 


and carbon distribution in the region of a grain boundary when ; 
crystallite of carbide forms. On the basis of its availability, carbon 


must migrate from a greater distance than chromium, otherwise 1 


carbide nucleus could grow continuously. Accordingly, appreciabl 


carbide may form by inducing chromium-depletion only in a ver 


minute zone about the row of carbide particles. How great th 
depletion is can only be inferred, but in any event it must be severe 
for a net chromium content in excess of about 11 or 12 per cent 


permits no attack. 


If chromium migration were much more rapid, 


the depleted zone would soon regain its proper allotment of chro 
mium and, even perhaps at no time, fall below the reaction limit 


value. 


Actually, after a relatively very long time, chromium does af 


parently diffuse into the previously impoverished zone from the mort 
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‘han adequate store in the grains, with the attendant recovery of 


ion resistance in the grain boundary region. This state of 


affairs is represented in the charts of Fig. 14. Here, in the region 


‘thin migration distance of the carbide particle, carbon is largely 
leted, while chromium is again at a concentration above the attack 


Cerbon 
Average Content 0.10 % 


Seturetion 
Value 0.02 % 


x 
D 


Level for Resistance 1? % 


Carbige 





Grain \ Boundery 


Fig. 13—-Idealized Diagram Showing Probable Dis 
tribution of Carbon and Chromium Concentration (Or 
dinate) in the Vicinity of a Carbide Particle. Abscissa 
is Merely Distance on Either Side of the Grain Bound 
ary. 


limit. One may assume that diffusion does not occur when the con- 
centration gradient falls below some minimum finite value. 

It should be emphasized that this whole matter of intergranular 
attack hinges upon the single circumstance of the comparative lack 
oi carbide precipitation nuclei in the body of the grain. For some 
reason, the relief of carbon supersaturation in austenitic stainless steel 
occurs almost wholly by grain boundary rejection. Some supersat- 
urated solutions, e.g., all the useful age-hardening alloys, develop 
precipitation nuclei throughout the whole of the grain. A number 
of others are in the class with the stainless steel under discussion, 
which, instead of developing good age-hardening properties, shows 
chiefly a loss in ductility and little gain in hardness as the super- 


saturation is relieved by reheating (aging). 
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In a state of complete equilibrium at, for example, 1100 
grees Fahr. (600 degrees Cent.) one would find a typical 18-8 


a 
consisting of carbide particles, containing some 90 per cent chy 
mium, imbedded in a solid solution containing, uniformly at eyer 
point, about 0.025 per cent carbon and about 16.8 per cent chromiy 
instead of 18 per cent. Such a structure would not be sensitive. 
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Fig. 14—lIdealized Diagram, for Comparison with 

Fig. 13, Showing Carbon and Chromium Distribution 

after Sufficient Approach to Equilibration to Restore 

Grain Boundary Corrosion Resistance. 
is then the failure to reach complete equilibration which is 
sponsible for chromium depletion. Any factor which accelerates 
the final approach to equilibrium will likewise hasten the spontaneou 
recovery of the alloy. 

Turning attention to the rapid recovery of intergranular 1 
sistance in the cold-worked alloy, it will become evident that actua 
equilibration is rendered possible by the ubiquity of slip bands up 
which carbide may precipitate. The carbon is quickly exhausted | 
the general precipitation throughout the grains and at no point, there- 
fore, has the chromium content been very greatly reduced. _ Diffu- 
sion, although relatively slow, is ample to transport chromium ove! 
the very short distances involved and, furthermore, the equilibration 
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” bon. In brief, cold work induces the regular age-hardening 
state of affairs to obtain, in a material which otherwise fails to pro- 
ide precipitation nuclei except at grain boundaries. 

In any event, it appears that the characteristic intergranular de- 
rerioration is adequately explained by chromium impoverishment ; 
nd that the assumption of the removal of carbon from a wide zone 
about the grain boundary and of chromium from only a narrow zone, 
accounts for the subsequent spontaneous partial or complete restora- 


tion of the alloy. 
PREVENTION OF INTERGRANULAR CORROSION 
\t the outset it will be apparent that the reduction of the car- 
bon content to the solubility limit (approximately 0.02 per cent) at 


temperatures below 1000 degrees Fahr. (540 degrees Cent.) would 
eliminate sensitization altogether, but such a course is impractical 


at present. Two distinct methods are available, however, for accom- 


plishing this end. 

Cold Work Equilibration—This first has already been touched 
upon under the heading, “Influence of Deformation.”’ The spon- 
taneous recovery discussed therein is quite clearly a means of pre- 
venting a further heating at intermediate temperature from inducing 
the sensitive condition. With the employment of a very long period 
of heating the equilibration of the alloy may be accomplished at the 
very temperature of subsequent heating, which might otherwise have 
sensitized the metal, but temperatures slightly higher may be safely 
used with the saving of much time. In ordinary annealed metal the 
period for spontaneous recovery is impracticably long when the de- 
sensitizing temperature is sufficiently near the temperature of subse- 
quent heating. On the other hand, the restoration of cold-worked 
metal proceeds with satisfactory velocity at temperatures even as low 
as 1290 degrees Fahr. (700 degrees Cent.) and the subsequent heat- 
ing is without appreciable effect. Desensitization at temperatures in 
excess of 1380 degrees Fahr. (750 degrees Cent.), while very rapid, 
permits the retention of sufficient carbon in solution to permit slight 
sensitization with a subsequent long time heating, as in service, at 
1000 degrees Fahr. (540 degrees Cent.), and is, therefore, not to be 
recommended. An attempt at desensitization at temperatures which 
cause full reerystallization may fall short, since subsequent precipi- 
tation of carbon in solution would again be driven to the grain 
boundaries. 
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Titanium—The method of preventing the development of int 
granular susceptibility to attack in the austenitic stainless st 


Ce@lS at 
a 


present most widely in use is the addition of a small, appropriat 
amount of titanium in the metallic state. The degree of improvemen 
brought about by the addition of titanium can be inferred from th 
results of a 1000-hour comparative heating test, covering a temper, 
ture range from 400 to 1600 degrees Fahr. (200 to 870 de: 
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Fig. 15—-Comparison of Titanium-bearing and Regular 
Annealed 18-8 with Respect to Sensitization in 1000 Hours at 
a Series of Constant Temperatures. 


Cent.). The comparison alloy, an ordinary 18-8 material of almost 
identical analysis, except with respect to titanium, was rendered ex- 
tremely susceptible to attack, while, as may be seen in the chart of 
Fig. 15, the titanium-bearing alloy was not measurably affected. The 
intergranular corrosion test in the standard copper sulphate-sulphuric 
acid solution, even when prolonged to 1000 hours, had no measur- 
able effect upon the titanium-bearing alloy; the ordinary material 
heated in the temperature range 950 to 1100 degrees Fahr. (500 ti 
600 degrees Cent.) disintegrated to a powder in less than 10 hours 
The high sensitivity of this testing method leaves little doubt o! 
the efficacy of titanium in eliminating this shortcoming of the aus- 
tenitic stainless steels. 

In the use of titanium, it is important that this element be intro- 
duced, without simultaneous addition of carbon, in such a manner 4s 
to insure its preservation in the metallic state, because, as will be out 
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Table Ill 
Mechanical Properties of a Typical Stabilized Titanium-bearing 18-8 Alloy 


Ultimate ; ; 
Strength Yield Point Per Cent Per Cent 
Pounds per Pounds per Elongation Reduction Rockwell ‘‘B”’ 


Form Square Inch Square Inch in 2 Inches of Area Hardness 
oe sheet 95,000 37,200 55 ve 82 
<o-vaiihen Vedhe 91,000 47,000 56 54 83 
Analysis 
Carbon Nickel Chromium litanium 
0.07 9.12 18.08 0.38 


lined below, its efficacy depends upon its combining power with car- 
bon. A sufficient proportion must be present, and this proportion 
has been experimentally determined as approximately 6 times the 
carbon content in excess of 0.02 per cent. The basis for this rule 


1] 


will be developed below. Moreover, the alloy must be so treated, 


' Duration of 
Corrosion Test. 


260 Hours 


Stabilized 
T > rir y ~e 
I Bearing | 750 Hours 


Weld 
Fig. 16—Photograph of Welds, Regular and Titanium-bearing 18-8, both 
Subjected to Corrosive Solution and Twisted. Note Cracks in Regular Mate 
rial 


prior to final fabrication, that opportunity is provided for the 
titanium to accomplish its purpose. The titanium-bearing alloy, so 
treated, is hereafter designated as “‘stabilized.” 

When these requirements have been met the alloy may be welded 
without regard to a subsequent heat treatment. In titanium-bearing 
metal, properly manufactured, the familiar zones on either side of a 
weld, distinctly susceptible in ordinary 18-8, as may be seen in Fig. 
\6, are not marked by any measurable susceptibility. In material 
held at the most destructive temperature for 1000 hours, the suscep- 
tibility is reduced by titanium in the order of 10,000 to 1, as measured 


lY 
i 


i terms of penetration by the electrical resistance method. 
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Table III sets forth the mechanical properties of typi 
lized titanium-bearing 18-8 metal. 


In titanium-bearing alloys carbide precipitation does o 


though of a vastly different nature from that in ordinary met: 


cordingly, heating in the intermediate temperature range ma 
some change in physical properties; the tensile strength is i: 
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kig. 17—-Impact Strength of Stabilized Titanium-bearing and 
Regular 18-8 after 1000 Hours Exposure to Series of Constant 
temperatures as Plotted Along Abscissa. 


and the impact strength is somewhat reduced. Due to the extre 
plasticity of the austenitic alloy these changes still leave the materi 
ina class with the toughest metals. The result of 1000 hours hea 
ing, at various constant temperatures, upon the impact strength | 
the titanium stabilized alloy in comparison with ordinary 18-8 met: 
is shown in Fig. 17. 

The addition of titanium to 18-8 metal, in excess of the reco 
mended ratio, serves to provide a certain margin of safety 
metal which has been much over-heated prior to exposure to tet 
peratures which would sensitize ordinary metal. This is usually « 
tirely unnecessary and tends in the extreme case to develop ferti' 
in the otherwise austenitic alloy, a circumstance contributing magnet 
induction and a small change in mechanical properties. There is lit 
gained by high titanium ratio and at the same time there are no sit 
nificant disadvantages, except in special cases. If ferrite is disadva 


tageous, higher nickel may be employed to eliminate it. 
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PREVENTION OI! 
THe MECHANISM OF TITANIUM STABILIZATION 


he explanation offered above, for the development of suscep- 
in the austenitic stainless steels, assigns the principal role to 
breomium-rich carbide, with attendant local chromium impoverish- 
It is believed that the function of titanium is to usurp for 


nain in solid solution, where it contributes its full measure of cor- 
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18—Comparison of Carbon Solubility in Regular 
and in Titanium-bearing 18-8 Alloy. 


wo 


rosion resistance. Evidence is not lacking which points to a carbide- 
forming activity on the part of titanium far in excess of that of 
chromium ; certainly titanium carbide is a very stable compound and 
it is not difficult to believe that at equilibrium the carbon of an alloy 
would be largely combined with titanium unless the quantity of 
titanium was insufficient. Some small amount of each would still 
remain in solution even if the concentration were in correct pro- 
portion to form the carbide TiC, but this amount must be exceedingly 
small. Excess of titanium would still further reduce the carbon not 
so combined. In solids, as contrasted with liquids, equilibrium is 
usually only slowly reached at moderate temperature and the reac- 
tions actually observed depend as much upon the particular rates 
at which possible combination and diffusion may occur as upon the 
conditions imposed at equilibrium. At very high temperatures, at 


‘\\ 


which diffusion is relatively rapid, solids may behave somewhat as do 
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most liquids, and the analogy certainly holds for the reduced soly. 
bility of the carbon in the presence of an element such as titaniy 
with which it combines preferentially. Thus, it is believed that cay. 
bon solubility in an 18-8 alloy is shifted, as in Fig. 18, by the pres- 
ence of approximately 0.5 per cent titanium. 

With respect to carbon combination, it appears that substantia) 


equilibrium is reached in a few minutes at temperatures above per. 
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Fig. 19—Degree of Sensitization as Affected by 1 Hour Preliminary 
Heating. Test to Develop Susceptibility Consists of 100 Hours at 1100 
Degrees Fahr. (600 Degrees Cent.). Note Efficacy of 1 Hour at about 
1600 Degrees Fahr. (870 Degrees Cent.). 





haps 1825 degrees Fahr. (1000 degrees Cent.), but at lower teni- 
peratures reactions are increasingly slow, so that the constitution ot 
the alloy at equilibrium is not readily approached ; indeed, it appears 
that reactions may occur which are not at all in line with the ultimate 
equilibration. A fairly large section of titanium-bearing metal re- 
jects the carbide of titanium upon slow free cooling in accord with 
the carbon solubility for a time, but below some temperature, per- 
haps not far from 1825 degrees Fahr. (1000 degrees Cent.), the 
carbon is not able to withdraw from solution and therefore remains 
in a supersaturated solution. It might be expected that a prolonged 
heating at say 1000 degrees Fahr. (540 degrees Cent.) would re- 
sult in the establishment of equilibrium for that temperature through 
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ecipitation of titanium carbide; but in 18-8 alloys containing 
ver the probable combining (stoichiometric) proportion of 

ranium, a really significant, though small, amount of chromium 

carbide is formed. Under such conditions of experiment a sensi- 
tization may actually be detected. The explanation for this circum- 
stance appears to involve the contemplation of relative-diffusion 
probabilities. 

In a 0.5 per cent titanium alloy a representative group of 1000 
mms will contain 


AL 


POURIAURD occ oo sie «SR see bed 6 atoms 
RN Stl elena woes 5 atoms 
Eee seoee #0 StOmms 
CN, icc vk tai owe eyes 190 atoms 
AES Se ere ete eee ee 724 atoms 


Each carbon atom has only to find one titanium atom for com- 
bination to form TiC, but must associate with it four chromium atoms 
for the building of a crystallite of Cr,C; but there are 190 chromium 
atoms for each 6 of titanium and the purely statistical probability for 
forming Cr,C as against TiC is therefore 190/4:6 or about 
8:1. Hence, on the basis of availability of atoms the urge to equi- 
librium (TiC versus Cr,C) must overcome odds of 8:1; at elevated 
temperature where diffusion is easy, equilibrium is reached, but at 
lower temperatures, where diffusion is retarded, and paths of dif- 
fusion are lengthened by previous combinations, the carbon is well 
content to form a small amount of chromium carbide. 

However, it will be seen that the carbon concentration at the 
solubility limit in the 0.5 per cent titanium alloy is, at about 1650 
degrees Fahr. (900 degrees Cent.), already not in excess of that at 
which chromium carbide may form at even as low a temperature as 
1000 degrees Fahr. (540 degrees Cent.); hence, if approximate 
equilibrium may be induced at this temperature, or a little below, 
then no sensitization will later develop. Fortunately, a quite practical 
heating for a period of 2-4 hours at 1560 degrees Fahr. (850 degrees 
Cent.) accomplishes complete immunization of the alloy and this is 
the customary procedure employed in preparing the titanium-bearing 
material for use involving heating at intermediate temperatures. 

The effectiveness of this simple handling of titanium-bearing 
metal is illustrated in Fig. 19. The metal was heated for 100 hours 
at 1100 degrees Fahr. (600 degrees Cent.) for sensitization, follow- 


ing a one-hour heating at the various temperatures of the abscissa. 
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The severity of attack on the metal to which this sensitizing 








ment was applied for test reaches substantially zero for all ; 
previously equilibrated in 1 hour at a temperature between 1: 
1650 degrees Fahr. (850 and 900 degrees Cent.). 

The conclusion as to the desirable proportion of titanium 4 
incorporate into the 18-8 alloy is drawn from a comparatively sip 


ple practical test of a number of alloys containing a variety of 
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Fig. 20-—Determination of Requisite Ratio, 
Titanium to Carbon, for Stabilization. Open 
Circles Indicate no Attack, Size of Solid Ci: 
cles Denotes Relative Degree of Penetration. 















and titanium concentrations. All the materials were coarsened at 
about 2010 degrees Fahr. (1100 degrees Cent.) to predispose rapid 
sensitization and then sensitized at 1200 degrees Fahr. (650 degrees 
Cent.) for 16 hours. Intergranular corrosion was brought about 11 
the sensitized members of the series by the customary immersion in 
boiling sulphuric acid-copper sulphate solution for 24 hours. [ven 
slight intergranular attack was made evident by a twisting opera 


tion and the results are shown graphically in Fig. 20. Compositions 
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tizing treat. S 6 6owine no detectable attack are designated as open circles; the 
all materia . relative intensity of attack in the others is indicated by the size of 
-n 1560 and the solid circles. A line marking the approximate boundary between 

isceptible and nonsusceptible compositions is drawn. Since the 
titanium F 6 <lope of this line 1s about 5.5 and since the prolongation of the line 
atively sin S indicates that about 0.02 per cent carbon causes no susceptibility in 
y of carbor F sitanium-free alloys, a general working rule for determining the mini- 


um content of titanium which should be present in the alloy is as 
llows: subtract 0.02 from the carbon percentage, and multiply by 6. 
Clearly, the exact maximum carbon content for actual freedom 
rom possible sensitization in titanium-free alloys is not determined 
this test and it may lie at a value slightly below 0.02 carbon 
but for commercial material the validity of this rule is not affected by 


his circumstance. 
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BEHAVIOR OF STEEL IN SULPHUR-CONTAINING 
ATMOSPHERES AT FORGING TEMPERATURES 


W. MurpHy 


Abstract 


The results of an investigation at forging temperatures 
of the effect of adding small amounts of sulphur dioxid 
and hydrogen sulphide to the products of combustion of 
city gas and air on the scaling losses, sulphur content and 
structure of the steel are presented. Sulphur dioxide is 
shown to affect the steel very powerfully, increasing th 
sulphur content of the outer layers of steel and the scaling 
losses tremendously, while hydrogen sulphide employed 
under proper conditions is not so intense in its action 
These effects increase with increasing temperature, increas 
ing time and increasing percentage of sulphur dioxide. 
The ability of the atmosphere to form oxides is shown to 
be a pr werful factor in aiding the diffusion of sulphur in 
steel. Of the various kinds of stecls subjected to atmos 
pheres containing sulphur dioxide, those containing nickel 
were found to be more adversely affected than either plain 
carbon or chromium steels. 





















HIS paper is based on part of the investigation on scaling 
conducted during the past three years at the University of Michi 
gan for the Committee on Industrial Gas Research of the Am« 
Gas Association. This particular part of the research program was 
concerned with determining the effects of small amounts of sulphu 
gases on steel at forging temperatures. In some fuels, sulphur occurs 
to the extent of one to two per cent. This quantity of sulphur wil 
under most conditions of burning, yield, in the products of combus 
tion forming the furnace atmosphere, 0.1 to 0.2 per cent of sulphur 









gases. Since the most important sulphur gases which are likely to b 
met in forging furnace atmospheres are sulphur dioxide and hydroge! 
sulphide, the work has been limited to the study of additions of thes 
two gases. 






A paper presented before the Fourteenth Annual Convention of the societ 
held in Buffalo, October 3 to 7, 1932. The author is a member of the societ) 
and is research associate, Department of Engineering Research, University | 
Michigan, Ann Arbor, Michigan. Manuscript received June 17, 1932 
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STEEL AT FORGING TEMPERATURES 
LITERATURE 


(he literature pertaining to the action of sulphur gases on steel 
t extensive and much of the work has been done below 1800 de- 


orees Fahr. (980 degrees Cent.) in connection with special corrosion 
nd heat-resistant steels. Campbell’ established the fact that sulphur 
could diffuse rapidly in the presence of oxygen. H. J. French? re- 
ported that, at 900 degrees Fahr. (480 degrees Cent.) in atmospheres 
containing hydrogen sulphide, increasing chromium decreased the sul- 
ohur attack while nickel increased it. This conclusion has been sub- 
stantiated by subsequent researches. Hatfield* called attention to the 
increased scaling losses in atmospheres containing sulphur dioxide 
it 1650 degrees Fahr. (900 degrees Cent.) in comparison with scaling 
losses in similar atmospheres containing no sulphur dioxide. Several 
.uthors,* participating in a symposium of the American Petroleum In- 
stitute on corrosion, discussed experiments showing that hydrogen 
sulphide or sulphur vapor were the chief offenders in corrosion of oil- 
cracking units. 

Gruber® studied the effects of sulphur gases on a number of steels 
in the temperature range from 1290 to 1830 degrees Fahr. (700 to 
1000 degrees Cent.). His results indicated that the presence of nickel 
decreased tne resistance to sulphur attack, while chromium and alumi 
num were somewhat beneficial. This work also demonstrated the 
increasing seriousness of sulphur attack as temperature is increased. 
Gruber also gave typical photomicrographs showing the nodule for- 
mation with hydrogen sulphide and the intercrystalline penetration 
with sulphur dioxide. Gruber and Wellman® agree that hydrogen 
sulphide is more active toward steels at these temperatures than is 
sulphur dioxide. The poor resistance of nickel-containing steels as 
well as the activity of hydrogen sulphide seems to be well substanti- 
ated in the work of these authors. 


E. D. Campbell, Journal, American Chemical Society, Vol. 18, 1896, p. 719. Journal 
ron and Steel Institute, Vol. 54, 1898, p. 256. Journal, Iron and Steel Institute, 1903. 


J. French, Transactions, American Electrochemical Society, Vol. 47, 1926, p. 50. 


‘W. H. Hatfield, Transactions, American Society for Steel Treating, Vol. 16, 1929, 


*‘W. G. Whitman and J. K. Roberts, R. L. Duff and C. Retailliau and F. R. Lang, 
( American Petroleum Institute, Vol. 11, 1930, p. 150-63. 


"H. Gruber, Zeit. fur Metallkunde, Vol. 23, 1931, p. 151. 


ellman, Zeit. Elektrochem. Vol. 37, 1931, p. 142. 
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It will be noted that none of these data indicate the « 
sulphur gases on steel at forging temperatures. From the | 
low temperature studies, it might be expected, however, that 


tack would be more severe at these higher temperatures. 
MertTHOD 


The methods used in the study reported in this paper 
somewhat, especially in the stripping process, from those emp| 
in the previous investigations on scaling reported in a series o} 
by Jominy and Murphy‘ and by Murphy, Wood and Jominy*, 


hred muffle furnace, having a 2-inch porcelain tube projecting throus 


it, was used for heating. The city gas, air, and sulphur dioxid 
hydrogen sulphide were introduced at the back of the furnact 
Samples of gases for analysis were withdrawn in the front. Sulphy 
gases were determined by an iodimetric process suggested by Den 
in which the gases are drawn through a given quantity of standa 
iodine solution until the iodine solution is completely used. Th per 
centage of sulphur gas is then calculated from the two quantities, t 
total volume of gas used and the volume of the sulphur gas ¢o1 
responding to the quantity of standard iodine solution. Other cor 
stituents of the combustion products were determined in a modit 
Orsat apparatus. 

The analyses of the steels used are given in Table I. The sampl 
were placed in the porcelain tube and heated for a chosen period | 
time under various conditions of temperature and atmosphere. At t! 
end of the heating period the samples were withdrawn from 
furnace into a quenching bath of distilled water to remove some scal 
and stop the reaction. It was found to be impossible to use an ele 
trolytic stripping cell for removing the remaining scale because mucl 
of the sulphur in the outer layers of metal was removed and lost 
hydrogen sulphide during the stripping action. It was consequent 
necessary to remove the scale by mechanical means which, of cours 
diminished the accuracy of the determination of scaling losses. 

After mechanical cleaning, the samples were turned to furnis 
chips for sulphur analyses at various depths. One end of each samp! 


"W. E. Jominy and D. W. Murphy, Transactions, American Society fot 
ing, Vol. 18, 1931, p. 19 


SD. W. Murphy, W. P. Wood, and W. E. Jominy, Transactions, American § 


Steel Treating, Vol. 19, 1932, p. 193 
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STEEL AT FORGING TEMPERA] URES 


Table I 


Chemical Composition of the Steels 
Per Cent 


Man- Sul- Phos Chro Vana- Molyb- Tung 
Crpel Carbon ganese Silicon phur phorus Nickel mium dium denum sten 
0.19 0.53 0.18 0.020 0.016 
0.28 0.653 0.01 0.032 0.013 
52 0.64 ie ae 0.034 0.025 
0.88 0.34 anes 0.018 0.029 cian 
0.17 0.59 0.24 0.020 0.018 3.40 ae 
0.35 0.56 sas Be 0.025 0.016 1.11 0.56 she 
0.47 0.58 0.16 0.015 0.015 owas 0.98 0.24 cots 
0.39 0.67 Ae 0.024 0.020 ae 0.93 aa 0.32 
0.21 0.54 0.29 0.012 0.017 1.81 Seat ass sata 0.25 wana 
h Sneed 0.73 0.32 0.08 0.018 0.025 4.27 1.06 led 18.62 
Nitralloy 0.35 0.45 0.30 0.025 0.025 1.25 0.20 1.00 
max. max, max. Al 


was always preserved for microscopic examination. Sulphur analyses 


were also made of all scales to complete the record and furnish addi- 
tional light on the mechanism of sulphur effects. 


The results of the research are presented in this paper under 


S containing sulphur 
dioxide, the second to those containing hydrogen sulphide, and the 


third to the influence which oxygen has on both scaling 
penetration of the sulphur. 


three divisions : the first pertaining to atmosphere 


losses and the 


\TMOSPHERES CONTAINING SMALL AMOUNTS OF SULPHUR DIoxIpE 

The variables considered in connection with the 
fects of atmospheres containing small 
scaling losses, on sulphur 


study of the ef- 
amounts of sulphur dioxide on 
content of steel and scale, and on the 
the percentage of sulphur dioxide, 
atmosphere, and composition of steel. 


struc- 
ture of steel were: temperature, 
time, type of 


Variation of Percentage of Sulphur Dioxide 


The results obtained when the percentage 

varied are shown graphically in Fig. 1. 
2 ~ 

at <OUU degrees Fahr. (1260 degrees 

gas and 


of sulphur dioxide was 
The tests were carried out 
Cent.) for 40 minutes with city 
alr SO proportioned as to give pr 


actically complete combustion, 
under these conditions of 


atmosphere sulphur dioxide was 
‘nown to be stable. Scaling losses apparently increase very rapidly 
as the quantity of sulphur dioxide is increased to about 0.2 


since 


per cent. 


Large of sulphur dioxide further increase scaling 


ser amounts 


losses, 








/ 
/ 
, ° y 
D sboekation / 
' Average 


Per Cent Sulphur Dioxide 


Dor nt Sulphur Dioxide 


a2 04 0 04 08 12 
Scaling loss in Lb. per 100in? Per Cent Sulphur in Scale or Stee! 
0 0.004 0.008 0.012 00% 
Sulphide Penetration in Inches 


Fig. 1—Effect of Variation of Per Cent Sulphur Dioxide. Atmosphere, complet 


combustion of city gas and air. Temperature, 2300 Degrees Fahr. (1260 Degrees 
Cent.). Time, 40 minutes. 


but not so rapidly as was the case below 0.2 per cent. With 0.1 1 
0.5 per cent sulphur dioxide present, the scaling losses are 1.8 to 2 


times the losses in atmospheres containing no sulphur dioxide. 


The percentage of sulphur in the outer 0.01 inch of steel appar 
ently does not vary greatly with the amount of sulphur dioxide pres 
ent in the atmosphere since it remains practically constant at about 
0.16 per cent. The original sulphur content of this S. A. E. 101: 
steel was 0.02 per cent. The sulphur in the outer layers of metal ai 
ter exposure is thus increased about eight times the original amount 
The sulphur content of the scale increases quite consistently from 
about 0.45 per cent with 0.1 per cent sulphur dioxide to 1.5 per cent 
with 0.5 per cent sulphur dioxide. Both average and maximum pen 
trations of sulphides into the steel increase with increasing amounts 
of sulphur dioxide. In Fig. 4, which shows the structure of the outer 
layers of metal, there is a clearly marked attack around the austenit 
grain boundaries. This accounts for the large difference between 
maximum and average penetration. 


Variation of Temperature 


The graphical summary in Fig. 2 of the results obtained whe 
temperature of exposure was varied bears evidence that scaling losses 
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eas ae 04 06 08 Oo a2 04 06 08 To 
: Scaling loss in lb. per 100 in? Per Cent Sulphur in Scale or Stee! 
0 0.004 0.008 0.012 0.016 0.020 
Sulphide Penetration in Inches 
Fig. 2—Effect of Variation of Temperature. Atmosphere, complete combustion of 
ind air. Time, 40 minutes. Sulphur dioxide, 0.2 per cent. 


of S. A. E. 1015 steel increase more rapidly with increasing tempera- 
ture with sulphur-bearing atmospheres than is the case with at- 


* mospheres containing no sulphur. The sulphur content of the outer 


laver of metal increases somewhat from 2000 to 2300 degrees Fahr. 


§ (1095 to 1260 degrees Cent.), but above this temperature the sulphur 


content increases enormously, attaining a value of 0.54 per cent at 
2450 degrees Fahr. (1345 degrees Cent.), 27 times the amount initi- 
lly present. The sulphur content of the scale increases up to 2300 
degrees Fahr. (1260 degrees Cent.) and then decreases sharply with 
further raising of the temperature. Evidently the diffusion of sul- 
phur into the steel has become sufficiently rapid to prevent the build- 
ing up of the sulphur content of the scale. 
f The average and maximum penetrations of sulphides likewise 
§ have their sharpest increase above 2300 degrees Fahr. (1260 degrees 
Cent.), which points to markedly increased rates of diffusion in steel 
above 2300 degrees Fahr. In Figs. 3, 4, and 5 are shown the struc- 
tures of steel heated at 2000, 2300, and 2450 degrees Fahr. (1095, 
1200 and 1345 degrees Cent.). At 2450 degrees Fahr. (1345 degrees 
Cent.) the attack is very severe, much more so, in fact, than that at 
2300 degrees Fahr. (1260 degrees Cent.), Fig. 4. At 2000 degrees 


ah ~ a * . s ae ° 
rahr. (1095 degrees Cent.) the inclusions seem to be chiefly sul- 
: 1, s . , . x » 2%. i : ° 

des, while at higher temperature they consist of oxide-sulphide 
complexes. The oxide-sulphide combination seems to have a much 


pid rate of diffusion than either the oxide or sulphide. 
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Fig. 3—S.A.E. 1015 Steel, Heated at 2000 Degrees Fahr. (1095 degrees 
60 Minutes. 0.2 per cent SOs; complete combustion of city gas and ait 


Unetched 
Fig. 4—S.A.E. 1015 Steel, Heated at 2300 Degrees Fahr. (1260 Degrees 
Th 


40 Minutes. is Photomicrograph Shows Clearly the Different Character 
Inclusions formed at 2300 Degrees Fahr.. when Compared with those Formed 


I 
1 
Degrees Fahr. (1095 Degrees Cent.). The Oxide-sulphide Eutectic is very 


Ant 


750 Unetched. 





degrees Cent 
alr. 
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Variation of Time 


The curves of Fig. 6 make it evident that the scaling losses. the 


penetration of sulphides, and the sulphur content of the steel. in 


crease with increasing time of exposure to products of combustion of 
city gas and air containing 0.2 per cent sulphur dioxide at 2300 de 


grees Fahr. (1260 degrees Cent.). The linear form of the curve for 


the effect of variation of time on sc: aling losses Suggests at once that 


the scale formed on steel in sulphur dioxide-bearing atmospheres of- 
fers no protection against further scaling. In atmospheres contain- 
‘no sulphur dioxide 


ing scaling occurs at a decreasing rate as time is 
increased. This effect of sulphur dioxide atmospheres is probably 


due to the fact that the oxide-sulphide type of scale formed possesses 


| low melting point, probably in the vicinity of 2000 degrees Fahr. 

(1095 degrees Cent.) or lower. A scale that is at least partly liquid 

has been found to have practically no effect in reducing the rate of 
scaling. 

Inasmuch as the mechanism of penetration of sulphur into steel 

is essentially one of diffusion, it would be expected that the sulphur 


content of the steel and the penetration of sulphides as shown by the 


microscope would increase with increasing time. The curves of Hig, 
6 confirm this assumption. The curve for maximum penetration in- 


dicates that the penetration of sulphides occurs at the rate of 0.01 inch 
per hour. Figs. 7 and 8, photomicrographs of runs of 40 and 120 
minutes duration, show the effect of time on penetration. Fig. 8, 
tor the 120-minute test, shows a_ better defined and deeper inter- 
crystalline attack even at low magnification 


than is shown for the 
shorter test run in Fig. 7, 


Variation of Type of Atmosphere 
Che data obtained when 0.2 per cent sulphur dioxide was added 
0 various gas-air combustion atmospheres re inging 
tain 


t from those con- 


ing excess oxygen to those cont; uining 
dre summarized in the curves of Fi ig. 9. For purposes of comparison, 


the scaling-loss curve for atmospheres containing no sulphur dioxide 
Is plott ted 


excess carbon monoxide. 


with that for atmospheres containing sulphur dioxide. 
The presence of 0.2 per cent of sulphur dioxide doubles the sc: ling 
losses of S. A. E. 1015 steel in atmospheres cont: uning small amounts 
0! Oxygen or carbon monoxide. The effect of sulphur dioxide, how- 


Ccreases rapidly when the carbon monoxide content is incre 


ased 
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Fig. 5—S.A.E. 1015 Steel, Heated 40 Minutes in Atmosphere of Complete Co: 
bustion of City Gas-Air Mixture Containing 0.2 Per Cent SOs at 2450 Degrees Fah 
(1345 Degrees Cent.). Note the Severe Attack of the Steel by the Sulphur-bearir 
Atmosphere at the Higher Temperature. Unetched. x 100. 

Fig. 7—-S.A.E. 1015 Steel, Heated at 2300 Degrees Fahr. (1260 Degrees Cent 
for 40 Minutes in an Atmosphere of Complete Combustion of a City Gas-Air Mixtu 
Containing 0.2 Per Cent SOs. Note That There are many Globular Inclusions at t 
Edge Between the Cell Wall Type. Unetched. x 100. 


because of its conversion to hydrogen sulphide. The crossing of thes 
two curves may be attributed to the fact that the fuel gas in the tw 
cases was quite different in composition and consequently resulted 1 


combustion products whose carbon dioxide and water vapor conten! 


ditfered considerably. This, of course, affected the amount of sca! 
produced. 
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Fig. 6—Effect of Variation of Time. Atmosphere, Complete Combustion of Cit 
Gas and Air. Temperature, 2000 Degrees Fahr. (1095 Degrees Cent.). Sulphur 
Dioxide, 0.2 per cent. 
The amount of sulphur introduced into the outer layer of the 
steel decreases from about 0.25 per cent at 2.0 per cent oxygen t 
about 0.10 per cent at 12.0 per cent carbon monoxide. Likewise, th : 
penetration decreases rapidly as the atmospheres are varied fron : 
those containing 2.0 per cent oxygen to those containing 12.0 per : 
. . 7 ( 


cent carbon monoxide. On the other hand, the sulphur present in 
the scale increases rapidly with increasing carbon monoxide content 


of the atmosphere. These facts indicate that the presence of con é | 
siderable oxygen in the form of oxides is necessary for the rapid dil F 
fusion of sulphur into steel. Since the amount of oxides formed 1: : 
decreased by increasing the carbon monoxide content, the diffusion . 
of sulphur is increasingly hindered. 
. 
Effect of Atmospheres Containing Sulphur Dioxide on B 


Different Steels 


In Table II are summarized the results of exposing various 
types of steel to the products of complete combustion of city gas and 
air containing 0.2 per cent sulphur dioxide. Among the plain carbon 
steels practically no differences are apparent in the effects of sulphur- 
bearing atmospheres on scaling losses, penetration of sulphide, of 
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. 


sulphur content of the outer layers of metal. The case of alloy steels 
. different. The sulphur content of the outer layer of steel shows 
tremendous variations. It is particularly high, over 1.0 per cent, in 
steels containing nickel, and considerably less, below 0.4 per cent, 
i steels containing chromium without nickel. The penetration of 
sulphides is likewise much greater in the case of nickel steels than in 
the case of those containing no nickel. The sulphur content of the 
scale, however, Shows no marked differences. The scaling losses are, 
for the most part, higher in sulphur-bearing atmospheres than in 
those containing no sulphur. In general, nickel steels are most ad- 
versely affected by sulphur-containing atmospheres. Fig. 10 shows 
an S. A. E. 2320 steel heated in a sulphur-bearing atmosphere at 2300 
degrees Fahr. (1260 degrees Cent.). The violent attack is readily 
apparent ; in fact it is extremely difficult to say where scale stops and 
metal begins, for there are many small grains of steel apparently in- 
cluded in the oxide-sulphide mass. This difficulty may account in part 
for the high sulphur contents obtained on the outer layers of nickel 


steels. 


ATMOSPHERES CONTAINING SMALL AMOUNTS OF 
HypDROGEN SULPHIDE 


Hydrogen sulphide is stable in gas-air combustion atmospheres 
only in the presence of large amounts of hydrogen and carbon mon- 
oxide. For this reason most of the tests were made in an atmosphere 
containing about 12 per cent carbon monoxide with at least as much 
hydrogen. The results obtained when the percentage of hydrogen 
sulphide, temperature, and time were varied are presented in Tables 


Ill and IV. 
VARIATION OF THE PERCENTAGE OF HYDROGEN SULPHIDE 


Varying the amount of hydrogen sulphide from 0.1 to 0.2 per 
cent as indicated in Table III produces no marked effect on scaling 
losses. This is explained by the fact that the gas atmosphere is nearly 
non-scaling to steel so that only very small amounts of scale would 
be formed. The sulphur content of the scale shows a decided in- 
crease as the amount of hydrogen sulphide is increased, which par- 
allels the effect found in the case of sulphur dioxide. This result is to 
be expected since increasing the amount of sulphur in the gas in- 
creases the amount available to form sulphides. 
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Fig. 8—S.A.E. 1015 Steel, Heated at 2300 Degrees Fahr. (1260 Degrees Cent 
120 Minutes, 0.2 Per Cent SO, Complete Combustion of City Gas-Air Mixture. C 
pare the Penetration of Inclusions in this Run at 2300 Degrees Fahr. (1260 Degrees 
Cent.) with that in Fig. 7, Run Under Similar Conditions Except that the Time was 
40 Minutes. 

Fig. 10—-S.A.E. 2320 Steel, Heated 40 Minutes in Atmosphere of Complete Con 
bustion of a City Gas-Air Mixture Containing 0.2 Per Cent SO. at 2300 Degrees 
Fahr. (1260 Degrees Cent.). Note Severe Attack Sustained by Nickel-bearing Steel 


in Sulphur Atmosphere at Forging Temperatures. Unetched. x 100. 


The sulphur content of the outer layer of steel is, of course, i- 
creased over its initial value in the unheated samples, but the increas‘ 


is not as marked as in the case of the additions of sulphur dioxide 


Furthermore, there is no distinct increase in the concentration 0! 
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sulphur in the outer layers of metal as the amount of hydrogen sul- 
phide is increased. This fact is shown also in the figures for pene- 
tration of sulphides, for in all cases the penetration is low. It might 
ilso be pointed out here that there is a distinct similarity between 
these data for atmospheres containing 0.2 per cent hydrogen sulphide 
ind 11.8 per cent carbon monoxide and the results obtained when 0.2 
per cent sulphur dioxide was added to atmospheres containing 12.0 
per cent carbon monoxide. This indicates that the sulphur is pres- 
ent in both cases as the same compound, which thermodynamic calcu- 
lations show to be hydrogen sulphide which may, of course, be con- 
siderably dissociated into hydrogen and sulphur vapor. The struc- 





ture of steel heated in atmospheres containing hydrogen sulphide is 


egrees Cent — shown in Fig. 11. There is no intergranular penetration in this case, 
ixture. Com ze a o.e ° . ° ° ° ° 
1260 Degrees m and, in addition, the inclusions formed in this treatment are of the 
the Time was 3 


F sulphide type rather than of the oxide-sulphide type. 
‘omplete Con 3 > 


2300 Degrees 


bearing Steel pi Oe ee —" 

je Variation of Temperature 
Bas “ce jp- xy ee ie . vice Mala ; , : . 
course, ;, ihe results given in Table III also indicate that there is little 
the increas Py in the activity of atmospheres containing hydrogen sulphide 
jur dioxide » ith increasing temperature. The scaling losses are almost totally 


nitration 0! ted, but the behavior of the sulphur content of the scale is 
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Effect of Variation 
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quite anomalous. 


The sulphur content of the outer layer of metal shows only sligh 
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Time 
( Min.) 
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Depth of 


Outer 
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0.011 
0.012 
0.014 
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Sulphide 0.2 


Depth of 
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Varying the Per Cent of 
Sulphur Content and Scaling Losses of S. A. E. 
Atmosphere—City Gas and Air—Carbon Monoxide—11.8 Per Cent 
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The penetration of sulphides is practically 
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Hydrogen Sulphide and 
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Temperatur: 
1015 Steel 





Penetration of 
Sulphides (in.) 


Ave. 
0.00067 


None 


0.0013 
0.0010 


0.0013 





1015 Steel 
Monoxide 


Max. 
0.0027 
0.0027 
0.0032 





11.8 Per Cent 





Penetration of 
Sulphides Cin.) 


Ave 
None 


None 
None 
0.0016 
0.0013 


0.0027 


Max 


0.0032 


In the case of tests using 0.1 per cent hydrogen su 
phide, there is an increase in sulphur content of the scale with increas 
ing temperature, while in those using 0.2 per cent the sulphur co 
tent of the scale decreases with increasing temperature. 


variations with temperature which could be entirely within the limits 
of experimental error. 
doubled by increasing the temperature from 2000 to 2300 degrees 
Fahr. (1095 to 1260 degrees Cent.), but, even so, the penetration !s 
low. This probably indicates a considerable change in the solubilit) 
of sulphur in steel between 2000 and 2300 degrees Fahr. ( 1095 and 
1260 degrees Cent.) since the solubility has an important effect 1 
solid diffusion. 
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Fic. 11—-S.A.E. 1015 Steel, Heated 40 Minutes in an Atmosphere From Com 
istion of a City Gas-Air Mixture Containing 8.0 Per Cent CO and 0.1 Per Cent 
H.S. Temperature 2300 Degrees Fahr. (1260 Degrees Cent.). Note that Penetration of 


Inclusions is Much Less in Reducing Atmospheres. Unetched. Xx 100. 


Variation of Time of Exposure 


Table [V summarizes the data for variation of time of exposure 
to atmospheres containing 0.2 per cent hydrogen sulphide and 11.8 
ner cent carbon monoxide at 2300 degrees Fahr. (1260 degrees Cent. ). 
The scaling losses are apparently very slightly affected by increasing 
time, which indicates that the atmosphere is nearly non-scaling to 
steel. There is some tendency for the sulphur content of the steel to 
increase with increasing time, but this is not as pronounced as in the 
case of sulphur dioxide tests. Accompanying the increase in sulphur 
content of the steel is a decrease in the sulphur content of the scale 
with increasing time. Finally the penetration of sulphides increases 
with increasing time, a result which is to be expected from the nature 


of the process of diffusion. 


Variation of Type of Atmosphere 


lig. 12 shows a graphical summary of the data obtained when 
the carbon monoxide content of the atmosphere was varied from 
about 8 to 13.5 per cent keeping the hydrogen sulphide at 0.2 per 
cent. Scaling losses decrease decidedly with increasing carbon mon- 
oxide, as do the penetration of sulphides and the sulphur content of 
the steel. This behavior parallels that when sulphur dioxide was 
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Fig. 12—-Effect of Variation of Composition of Atmosphere Temperature, 2 
Degrees Fahr. (1260 Degrees Cent.). Time, 40 Minutes. Hydrogen Sulphide. 
per cent. 









used under like conditions and suggests again that the sulphu 
present in both cases in the same state. The curves in this figur 
emphasize further the fact that the ability of the atmosphere 1 
form oxides as well as sulphides, which is the case in atmospheres | 
in carbon monoxide, is an important factor in determining the | 


havior of steel in sulphur containing atmospheres. 



















INFLUENCE OF OXYGEN ON THE BEHAVIOR OF STEEL IN 
SULPHUR-BEARING ATMOSPHERES 





Thus far it had been shown that sulphur dioxide is more power 
ful in its effect on steel than is hydrogen sulphide when each is used 
under conditions suiting its stability. It was apparent that the effect 
of sulphur dioxide in increasing scaling losses is associated with th 
formation of an oxide-sulphide eutectic which possesses a low melt 
ing point. This results in the formation of a scale which is at leas 
partly liquid at the temperatures used in this research. Scaling, un 
der such conditions, occurs at an approximately constant rate and 1s 
of course decidedly increased by increasing temperature. 

It seemed desirable to determine also what influence oxygen has 
on the penetration of the steel by the sulphur. A series of special 
tests was, therefore, run on S. A. E. 1015 steel for this particulai 
purpose. The results of these runs are summarized in Table \. 

These runs clearly show that sulphur dioxide is much mor 
powerful in its effect on steel than is either sulphur vapor or hy- 
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Table V 
Special Runs at 2300 Degrees Fahr. (1260 Degrees Cent.) 
B& Sulphur 
—Penetration of Sulphides—~ Sulphur Content Content 
\tmosphere Average Maximum (Inches) Outer .01 Inch of Scale 
HS; 99% Ne 0.001 0.07 3.27 
C0): 99.5% No 0.0013 0.0027 0.115 11.40 
» + Ne 0.0005 outer 0.005 
inches 0.25 


Since the only difference in atmospheres was that 
tble in the case of sulphur dioxide, it seems plausible 
.. consider that oxygen intensifies the effects of sulphur on steel. It 
will be remembered that E. D. Campbell found oxygen to be a rather 
ortant factor in the diffusion of sulphur in steel. But apparently 
sulphur will diffuse without the assistance of a large supply of oxy- 
sen as the hydrogen sulphide and sulphur vapor runs indicate. The 
the foregoing table simply emphasize the fact which has 
1 out previously ; that the ability of an atmosphere to form 
as sulphides is important in determining its behavior 


im 


results of 
been pointes 
oxides as well 
with respect to steel. 

It is quite probable that oxygen affects the diffusion of sulphur 
in steel by affecting the solubility of sulphides. Thus it might reason- 
ably be postulated that oxide-sulphide complexes are more soluble 
‘1 solid steel than either one alone, since with a greater solubility, a 
creater rate of diffusion might be expected. The rapid penetration of 
sulphur into nickel steels might likewise be considered to be due to 
some influence of nickel on the solubility of sulphur in steel. 

Sulphur seems to penetrate steel in the case of atmospheres con- 
taining sulphur dioxide by way of the austenite grain boundaries and 
through the crystals themselves, while, in the case of atmospheres 
containing hydrogen sulphide, penetration is chiefly through the 
crains. Of the two types of penetration the intercrystalline type will 
of course lead to severe localized attacks, which accounts for the 
considerable differences in average and maximum penetrations in the 
case of atmospheres containing sulphur dioxide. Furthermore, this 
sulphur penetration has been shown to be increased by increasing the 
percentage of sulphur in the atmosphere, by increasing the time of 
exposure, and by increasing the temperature as is the case for all 
diffusional processes. In fact, temperature is a very powerful fac- 
tor, since increasing the temperature increases the rate of diffusion 
to such an extent that the sulphur content of the scale is considerably 
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lowered. Many of the curves indicate that as the sulphur co 


nt of 
the scale, and consequently the sulphur gradient between scale an, 
steel increases, the penetration of sulphur also increases. If, how. 
ever, the oxygen supply is low, the establishing of high sulphur grag 


ents between scale and steel apparently has no effect upon the pen 
tration of sulphur into the steel. In this case, it would appear tha 
the solubility of the sulphide is the determining and limiting fact; 


e 
tLLUOl 





SUMMARY 


This research has demonstrated the following conclusions: 
1. Sulphur dioxide in combustion atmospheres increases scal 
ing losses and introduces sulphur into the outer layers of metal. 

2. Scaling losses and penetration of sulphides in atmospheres 
containing sulphur dioxide increase with increasing percentage oj 
sulphur dioxide, with increasing temperature, and with increasing 
time. 

3. Sulphur dioxide has a decreasing effect on scaling losses and 
penetration of sulphides as the carbon monoxide content of gas-air 
combustion atmospheres is increased. Sulphur dioxide has an in 
creasing effect in atmospheres containing increasing amounts of fre: 
oxygen. 

4. Hydrogen sulphide, when used under conditions suited to its 

stability, has less effect than sulphur dioxide on scaling losses and pen- 
etration of sulphides at forging temperatures. In general, the effects 
of increasing its percentage, the temperature, and the time of ex- 
posure are evident by the increasing penetration of sulphides. 
5. When the carbon monoxide content of hydrogen sulphid 
containing gas-air combustion atmospheres is reduced, the effect of 
hydrogen sulphide on scaling losses and penetration of sulphides be- 
comes similar to that of sulphur dioxide. 

6. The use of high sulphur fuels, containing 1 to 2 per cent 
sulphur, in forging furnaces is likely to increase scaling losses and 
result in poorer forgings by reason of the sulphur introduced into the 
outer layers of the steel. Hence the sulphur content of fuels for 
use in forging furnaces should never exceed 0.5 per cent and should 
preferably be kept well below this figure. 

7. Where ever high sulphur fuels are used, it is highly desirable 
to operate under strongly reducing conditions to prevent high sulphur 
contents in the outer layers of the steel. 


8. Recognizing that little, if any, manufactured or natural gas 
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ns over 0.1 per cent sulphur, the precautions indicated in para- 


nhs 6 and 7 are of littlke moment when this type of fuel is used. 


nt 
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DISCUSSION 


Written Discussion: By H. H. Ashdown, metallurgist, Westinghouse 


tr 


ic and Manufacturng Co., East Pittsburgh. 


| feel certain I am only voicing the feeling of indebtedness of all steel 


executives in expressing to the author a deep sense of appreciation for 


valuable research work done in investigating furnace atmospheres and the 


use of excessive scaling. 


\s already stated in my discussion on Dr. Murphy’s paper on scaling 


luring heat treatment, the direct and incidental losses to the steel manufacturer 


ind engineer are far in excess of those computed. 


\lthough I had for many years appreciated that scaling losses were greatet1 


when using inferior quality coal or gas from inferior coal, I had not before 


hk 
All 


wn or appreciated this was to a large extent due to the presence ot 


ulphur dioxide and hydrogen sulphide. The thought had been that inferior 


iuel prolonged the heating period, resulting in increased scaling, and it was 


t} 


sulphur 


ought the resulting steel product might be somewhat inferior due to possible 


abs« rpti yn. 


The affinity of steel for sulphur at high temperatures has long been known, 


which carries my thoughts back some 20 years to Shefheld, England, where 


the staff of a certain steel plant, try as they would, could not produce steel 


ow sulphur content, or a steel of consistent sulphur content. This steel 


plant was comparatively near a chemical works and after considerable in- 


vestigation it was noted with certain prevailing winds the steel was always 


cet 


works, 


+ 


higher sulphur content, and on carefully checking up it was noted when 


tain directional winds blew across the chemical works toward the steel 
the 


steel was always higher in sulphur content. This may sound 


“table-like,” but is readily reasoned out when one considers the large volume 


atmospheric air passing through the regenerators and over the steel bath 


i period of about 12 hours. I remember also reading many years ago 


good steel could not be made at the sea coast, due to the activity of ozone 


onsequent absorption of oxygen, and again the more rapid rate of oxidation 


ting steels. 


» not know if there has actually been any work done along those lines 


n¢ 


y 


Lik? 


| 


a comparison of steels made under identical conditions along the 
well inland, but in view of the great amount of research done in 
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recent years on oxygen contamination, this angle may be deserving 

It appears that in a normal furnace atmosphere oxidation 
degrees Fahr. takes place at a relatively greater rate than in 
dioxide-enriched atmosphere; in the author’s words, “when the t 
reaches 2300 degrees Fahr. the violent attack is readily apparent.” 

It is generally appreciated 2300 degrees Fahr. is a mellow soa! 
perature, but under the now known conditions of rapid scaling, it may 
advisable to soak for a longer period at 2000 degrees Fahr. and fo; 
tively shorter time at 2300 degrees Fahr., unless it is found possible 


to effect 
a nonscaling atmosphere as indicated by the author. The important point ; 
brought out that the presence of 11.8 per cent carbon monoxide slows dow, 
materially the rate of scaling and sulphur absorption. 

The paper in itself in text, curves and tables, is so complete and defini: 
that there is little room for questioning, but there is one point which to ; 
is not altogether clear. In the experiments with hydrogen sulphide, the author 
on page 524 states that—‘In the case of tests using 0.1 per cent hydrogen sy 
phide, there is an increase in the sulphur content of the scale, with increasing 
temperature, while in those using 0.2 per cent the sulphur content of the sca; 
decreases with increasing temperature.” By this, one has to assume at th 
higher temperature, a diffusion of the sulphur takes place. But on referring 
to the last item in Tables III and IV, at the higher temperature of 2300 «& 


grees Fahr. the author shows a lower scale loss than at 2000 degrees Fahr 


Is one to infer from this that during the diffusion of the sulphur a partia 


reduction of the oxide takes place simultaneously, yielding a lower s 
percentage ° 

One potent phase brought out by this paper is the imperative selectio: 
of the highest quality fuel for heating steels intended for high duty work, par 
ticularly those selected for surface duty in service, such as case hardening 
and nitriding, and again the quenching steels, where the surface must he 
the highest quality. 

From the rapid rate of sulphur absorption at the maximum forging tem 
perature and its known intercrystalline penetration, it is evident the finished 
steel surface would be high in sulphur content, which would not be reveal 
by normal methods of analysis. 

If, as we have been led to believe in the past, the presence of sulphur ! 
steel is exceedingly detrimental, every possible care should be taken to pre 
vent its contamination. The author’s present research was apparently based 
on this belief. Although not strictly relevant to this paper, I am raising an 
other point of view on this same subject. Surely we are wanting in con- 
sistency and heading for danger when we add large quantities of sulphar or 
sulphur compounds to high quality steels to make them free cutting, and 
apparently much of this material is finding its way into high duty applications 

Written Discussion: By O. W. McMullan, metallurgical department 
Timken-Detroit Axle Co., Detroit. 

The author mentions effects of sulphur at lower temperatures than thos 
used for forging. There is one case where sulphur commonly occurs. Neat! 
all carburizing compounds contain considerable sulphur, as evidenced by th 
strong odor of hydrogen sulphide when treated with acid. No effect has heen 
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siced either as to sulphur content or scaling «ction when carburizing as high 
to 1750 degrees Fahr. Such an atmosphere would, of course, be strongly 

and no checks have been made by the writer of actual sulphur con- 
tent of gases. 

On page 517 it is mentioned that the maximum penetration is 0.01 inch 
» hour. The rate for heating for forging is frequently stated as 20 minutes 
per inch but checking of actual rates shows 1-inch bars heated to forging tem- 
nerature in 6 minutes and 4-inch bars in 35 minutes; therefore in regard to 
-enctustite 6 and 7 the author’s figures show that after removal of surface 
‘yn the flash and cleaning by pickling or sandblast the effects of such an at- 
mosphere would not be injurious in many cases. Any machining would be 
certain to eliminate the surface defects. It is quite possible, however, that 
fanges on axle I-beams, etc., and other thin sections would be sufficiently 
attacked to make starting points for fatigue failure. The scaling loss is, of 
ourse. a disadvantage in all cases. 

lable III shows some unexpected results. Except in one case (which ap- 
pears to be a typographical error) the scaling loss at 2300 degrees Fahr. is 
Table IV shows the 


It would be interesting to know if the 


only about half that occurring at 2000 degrees Fahr. 
same relation to a less marked extent. 
author has found this to be consistent in any other experiment he has con- 


ducted. 
Author’s Closure 


The author appreciates the able discussions of this paper. Mr. McMullan 
has mentioned the fact that in some cases the high sulphur outer layers are 
probably entirely removed in subsequent operations with no injurious con- 
sequences to the forging. This is, of course, true and yet, as he points out, 
there are instances where subsequent operations may fail to remove this some- 
what porous, weak outer case, and in this event considerable damage is possible. 

Mr. McMullan also raises a question concerning the relative scaling losses 
at 2000 and 2300 degrees Fahr., as given in Tables III and IV. The answer 
to this seems to the author to lie in the rather crude methods of scale re- 
moval which were made necessary because of the information desired. The 
very crudity of these methods has, of course, introduced a considerable error 
in the determinations of loss in weight, particularly when the atmosphere used 
is nearly nonscaling to steel. Again it was somewhat easier to remove com- 
pletely the scale at the lower temperature than at the higher. For these rea- 
sons it is believed that the difference in scaling actions at 2000 and 2300 Fahr. 
is only apparent and not actual. In the entire forging program lower tempera- 
tures have not been observed to yield greater amounts of scale with the same 
atmospheres, 

The experience of the steel plant located near a sulphuric acid works re- 
lated by Mr. Ashdown is an interesting case of sulphur absorption. It would 
be interesting indeed to know what values the sulphur gases attained in the 
atmosphere and to what extent the sulphur was absorbed in the steel. The 
question regarding the scaling losses at 2000 and 2300 degrees Fahr. shown in 


Tables III and IV has already been answered in the reply to Mr. McMullan. 
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Abstract 





Two factors, normality and the degree of cold redy 
tion, have been studied for their influence on the spheroid 
ization of carbides in high carbon cold-rolled steel strip. 
It was found, in general, that with increasing amounts of 
cold work the steel became softer after annealing at an 
temperature up to the lower critical. Above this tempera- 
ture the hardness obtained was increased and became more 
uniform for all reductions. 

Up to the lower critical temperature, normal steels 
ytelded lower hardness values than did the abnormal. But 
at their respective critical temperatures, which appear to 
be the best spheroidizing temperature, the abnormal steel 
ytelded much better results. Also, it 1s shown that fo 
the normal steel the minimum hardness, and the tempera- 
ture at which this minimum ts obtained, are dependent 
upon the amount of cold reduction, being lower for high 
reductions. On the other hand with abnormal steel, lower 
and consistent hardnesses were obtained at practically a 
constant temperature for all degrees of cold work. The 
temperature, however, was higher than for normal steel. 

The experiments were followed metallographically 
and micrographs are presented to ulustrate the structural 
changes. It appears from thermal analyses that the ab- 
normal steel has a higher critical than the normal. 





























INTRODUCTION 












N the annealing of cold-rolled strip steel it is desired not only 
soften the metal, but also to retain the bright mirror-like condition 
of the rolled surface. Any oxidation coloring or graying of the sur 






face is undesirable. 
In the past, the customary practice has been to anneal this ma 





. . . e ° ° . . wo. 36° 
terial by packing coils of strip in cast iron borings, and subject this 







A paper presented before the Fourteenth Annual Convention of the societ 
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Co., Schenectady, N. Y. Manuscript received June 15, 1932. 
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to long-time anneals in gas- or oil-fired furnaces. While this 


Nlds- 
method is capable of yielding quite satisfactory results, it is expensive, 
as well as slow and dirty. 

\Vithin the last few years, however, there has been developed an 
electric furnace of the bell type which uses a protective atmosphere, 
and eliminates the inconvenience and expense of packing material. 
lhe heating cycle is reduced, and the system becomes much more 
exible, thus readily accommodating itself to changes in production 
demands. 

In order to obtain consistently the best results with this equip- 
ment, because of the shorter annealing cycle, it is of greatest impor- 
tance, especially when high carbon steel is annealed, that the raw 
material, and its processing, be carefully controlled, as the results of 
the following experiments will show. 

The process of annealing high carbon cold-rolled steel should 
soften this material by causing the spheroidization of its carbide. 
[his is usually accomplished by heating at, or just under, the A, tem- 
perature for an extended period of time; for example, in the electric 
furnace a six to eight hour treatment, at temperature, for a five-ton 
load. 

Satisfactory results have usually been obtained, but frequent oc- 
currences oi wide variations in the hardness and ductility of the an- 
nealed steel, even in a single load, were quite disconcerting. 

When it is taken into consideration that these atmosphered elec- 
tric furnaces are so designed and built that the temperature within a 
loaded furnace at heat does not vary more than 15 degrees Fahr., the 
causes of these irregularities must be found elsewhere. 

The spread of results under these conditions of furnace operation 
clearly indicates a variety of conditions in the nature of the material 
being used. These are: (1) a known and unavoidable variation in 
the degree of cold work in the steel strip; (2) possible composition 
differences ; and (3) the possible influence of differences in degree of 
normality. 

Relative to the first condition mentioned above, there is a definite 
but unavoidable variation caused by the economics of mill operation. 

The common practice is to stock relatively few sizes of the hot- 
rolled wire (strip) bar, and to use this stock as raw material for a 
large number of sizes of cold-rolled strip. As a result of this, the mill 
run of material to be annealed covers a wide range of cold reductions, 
the effects of which have been studied in the following experiments. 
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Fig. 1—Photomicrograph of Steel Having a Coarse-grained but Normal Structu: 
with Well-developed Pearlite and Cementite Network. 

Fig. 2—Photomicrograph of Steel Having An Extremely Abnormal Structure. Thes: 
are the Steels Used in this Investigation. 


The second variable undoubtedly exists, but for purposes of this 
investigation was eliminated by selection of material. 

The third variable was really the unknown, but an excellent pos 
sibility in view of the difference in personality which steels have 
been shown to possess by Shepherd’, Luerssen* and others. 

Epstein and Rawdon* in their experiments found that a more 
complete spheroidization occurred in abnormal steel than in normal, 
when these were cooled slowly through the critical range, and 
Sauveur*, in discussing Grossmann’s work on oxygen in steel, sug- 


1B. F. Shepherd, ‘‘Inherent Hardenability Characteristics of Tool Steel,’’ TRANSAcTIONs 
American Society for Steel Treating, Vol. 17, 1930, p. 90. 


2G. V. Luerssen, “Some Notes on the Behavior of Carbon Tool Steel on Quenching 
TRANSACTIONS, American Society for Steel Treating, Vol. 17, 1930, p. 161. 


8S. Epstein and H. S. Rawdon, ‘‘Progress in Study of Normal and Abnormal Stee! 


227 


TRANSACTIONS, American Society for Steel Treating, Vol. 12, 1927, p. 337. 


‘Marcus A. Grossmann, “On Oxygen Dissolved in Steel, and Its Influence on te 
Structure,”’ Transactions, American Society for Steel Treating, Vol. 16, 1929, p. 41 

















mal Structur 


‘ucture. These 


OSES of this 


ccellent pos 
steels have 
Si Se 


that a more 


1 in normal, 


range, and 


1 steel, sug- 


> TRANSACTIONS 
on Quenching, 

7 ] 
\bnormal Stee! 


‘influence on 
929, p 4] 


the 
th 


COLD-ROLLED STRIP STEEL 


gested that a steel rich in oxygen (abnormal) would spheroidize more 


readily than one poorer in that element. 





MATERIAL 













Samples of fifteen coils of hot-rolled strip 1.75 x 0.081 inches 
were furnished by the Thompson Wire Company, Matapan, Mass., 
the balance of the coils being marked and held for our disposition. 
These samples were tested for normality by being packed in 
carburizing compound and heated at 930 degrees Cent. (1705 degrees 
Fahr.) for six hours and cooled slowly in the furnace. They were 
then examined microscopically and the two extreme samples selected 
as being suitable for further experiment. One, the structure of which 
is shown in Fig. 1, was coarse-grained normal; and the other, Fig. 2, 
was extremely abnormal, with well-developed pearlite and cementite 
network. 
The analyses of the two steels are as follows: 






















Abnormal Normal 
Per Cent Per Cent 


= RE, Cry rarer re ee rere ee re ee 0.73 0.71 
& es ra aks ae eens 0.45 0.46 
x SR Pe tr eee i bk el ().07 0.07 
a I ee al ge aes ates Bie ei 0.05 trace 
ce EL CU a ala nies pA niGinw aera aah keeles none none 
FA Ne se daeke eee none none 

I i ia se ase none none 


The other samples, while not being used for further experiment, 
were interesting in that they showed various degrees of normality 
and, in some instances, decidedly abnormal structures were found on 
the surfaces, while normal structures were found in the center. Seg- 
regations of normality and abnormality have been reported in rim- 


ming steel by Epstein and Rawdon, but they found the surface to be 
normal. 





EX PERI MENTAL 


\ sufficient amount of each strip in the hot-rolled condition was 
rolled cold so that samples were obtained having reductions from 10 


- 


to SU per cent. This rolling was done without annealing. It was 
noticed that as the reductions approached 30 to 40 per cent the ma- 
ne ] aa . . . 

terials hardened to a large extent, and reductions in this range were 


as ° in 
aifcult, but further reductions became easier. The normal steel 
with about 60 per cent reduction began to show edge cracks. The ab- 
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normal steel rolled much easier on the whole, and did not dey: 
cracks at any stage of reduction used. 
Samples of all reductions were annealed collectively 
temperature used from 600 to 800 degrees Cent. (1110-1470 
hoge—t+ NORMAL 
4HR 


+ 


20 30 40 ~ 60 
q REDUCTION 


3—Rockwell Hardness Results Plotted Against 
Cold Reduction-—Normal Steel. 





ABNORMAL 
—l | ItHR | 


FPOCKWELL B 
® 





% REDUCTION COLD 


Fig. 4—Rockwell Hardness Results Plotted Against Per 
Cent Cold Reduction—Abnormal Steel. 


l‘ahr.). The samples were packed in spent carburizing compound | 


prevent scaling and decarburizing and heated for four hours 
temperature, then cooled in the furnace. The annealed pieces wer 
then tested for Rockwell hardness using the standard B scale. 
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levelop edo, », 3 shows the results plotted against per cent cold reduction 
normal steel. In all cases there 1s a general reduction of hard- 


ely eac] : ness with increasing cold reduction for any given temperature. Up 
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Fiz. 5—Rockwell Hardness Results Plotted Against An- 
nealing Temperatures for Various Reductions—-Normal Steel 
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Fig. 6—Rockwell Hardness Results Plotted Against An 
nealing Temperatures for Various Reductions—Abnormal Steel. 
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ur hours at ® ‘ess marked as the annealing temperature increases. The minimum 
pieces wer less Of Rockwell B 80 is obtained by annealing at 725 degrees 


scale. ® Cent. (1340 degrees Fahr.). 
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lig. 4 shows the results for the abnormal steel. Again t! 
ness decreases, in general, for increased reductions above 
cent. In this instance, the minimum hardness occurs when 1 
is annealed at 750 degrees Cent. (1380 degrees Fahr.). Th 
ness is lower than was obtained with normal steel and quite u 
for all reductions, thus differing materially from the normal 
It is to be noted, however, that annealing below this temperature 
lower values for the normal than for the abnormal steel. 

In both cases annealing at temperatures higher than the critica] 
point results in increased hardness caused by the re-solution of car 
bides, and the formation of, or tendency to form, of pearlite on sloy 
cooling. In this case, brittleness is quite marked, especially in the 
normal steel. 

Figs. 5 and 6 show the same data replotted against annealing 
temperatures for various reductions. These curves are very illum- 
inating and will merit careful consideration. 

It will be seen, in the case of the normal steel Fig. 5, that th 
minimum hardness values are obtained at successively lower tempera 
tures as the amount of cold reduction increases. The temperatur 
range of these minima is from 700 to 730 degrees Cent. (1290-1345 
degrees Fahr.) for the reductions used. 

The minimum hardness obtained with the abnormal steel seems 
to be independent of the degree of cold work provided the annealing 
temperature is correct, namely 750 degrees Cent. (1380 degrees 
Fahr.). This point has real and practical significance. 

The difference in the temperature at which maximum softening 
occurs suggests a difference in the temperature at which the A, point 
occurs in these two types of steel. 

Thermal analyses of the two steels confirm this, for on heating 
A, was found to occur at 745 degrees Cent. (1370 degrees Fahr.) 
for the abnormal and at 730 degrees Cent. (1345 degrees Fahr.) for 
the normal, but upon cooling the A, for the abnormal is but five de- 
grees higher than that of the normal. As has been described by Ep- 
stein and Rawdon, the difference in the reactions was decided, the 
abnormal steel showing a sharp intense point while the normal steel 
shows a more sluggish reaction. 


Microscopic EXAMINATION 


The degree and completeness of an anneal on this material cat 
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ved by (1) the amount of distorted structure, as indicating the 


‘| effects of the cold work, and (2) the degree of spheroidiza 


res 
tion of the carbide in the steel. 

In considering the results of the heat treatment, it will be noted 
that in the series of photomicrographs all of the heaviest reductions 


show the effects of cold work, up to the 700 degrees Cent. (1290 de- 
orees Fahr.) anneal. 

For the purpose of more clearly depicting the changes due to the 
different degrees of cold work, it was deemed advisable to show not 
nly the maximum and minimum reductions, but also to include an 1n- 
: To serve this end, the series 
This 40 


ner cent series is not to be interpreted as representing a definite 


termediate degree of cold reduction. 


of photomicrographs of 40 per cent reduction is included. 


change point, but is merely intended as an indicator of the gradual 
changes which have taken place up to that point. 

\t this temperature of 700 degrees Cent. (1290 degrees Fahr. ) 
the abnormal steel retains the cold work effect, but the ferrite of the 
normal steel for higher reductions has regranulated; that 1s, the cold 
work strains have been relieved. This annealing effect is quite defi- 
nite on both the 40 per cent and 80 per cent reductions. 

When the annealing temperature is at 725 degrees Cent. (1335 
degrees Fahr.) it is noted that the normal steel in the lower reductions 
has regranulated, but the abnormal steel still shows the effect of the 
cold work. 

The annealing of these steels at 750 degrees Cent. (1380 degrees 
Kahr.) has regranulated both of them, and there are no evidences of 
residual cold work. 

The abnormal steel shows slight indications of pearlitic struc- 
ture in the lowest reductions, but none in the heavier reductions. 

The normal steel, however, shows some pearlite in the 80 per 
cent reduction and increasing amounts of pearlite with decreasing re- 
ductions. 

\fter treatment at 800 degrees Cent. (1470 degrees Fahr.) both 
of these steels appear to be predominantly pearlitic. 

in order to further elucidate the actual changes transpiring dur- 
ing this series of heat treatments, the samples were examined at 
higher magnification—the second series of photomicrographs show- 
ing the changes that take place. 

ihe examination of this series shows that the abnormal steel, 
which already shows practically complete spheroidization even at the 
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vest annealing temperature, does not change materially as the tem- 
e increases to 750 degrees Cent. ( 1380 degrees leahr. Bs The 
tructure becomes somewhat coarsened with increasing temperature, 
cold work effects still persist in the higher reductions, and the 
irlitic indications still remain in the lowest reduction. 
lhe results in evidence on the normal steel, over this same 
ve, are quite ditferent. After the 600 degrees Cent. (1110 degrees 
ahr.) treatment, the normal steel is decidedly pearlitic, except in the 
heaviest reductions. 

\s the temperature is increased to 700 degrees Cent. (1290 de- 
orees Fahr.), the lowest reductions are still decidedly pearlitic, but 
now the 40 per cent shows but traces of residual pearlite. Increasing 
the temperature to 725 degrees Cent. (1335 degrees Fahr.), it is 
noted that only the lowest reduction shows even the slightest indica- 
tion of a pearlitic nature. 

Inasmuch as 725 degrees Cent. (1335 degrees Fahr.) is slightly 
below the critical point for this material, it is only fair to conclude 
that a heat treatment at the critical point would produce a complete 
regranulation and spheroidization in this steel, regardless of the de- 
oree of cold work. 

The normal steel has then shown that, as the temperature of the 
treatment increases, the regranulation and spheroidization affects suc- 
cessively lower reductions. 

\Vhen the temperature of the heat treatment has reached 800 de- 
yrees Cent. (1470 degrees Fahr.), the normal steel is very definitely 
composed of fine lamellar pearlite. 

The abnormal steel shows fine pearlite in the lower reductions, 
but as the amount of reduction increases, the pearlite decreases and 
the massive carbide increases, such structures being quite characteris- 
tic of this material. 


INTERPRETATION 


[he results of the hardness determinations brought out a very 
striking difference in the reactions of these steels to the same heat 
treatments. 

The photomicrographs show that, regardless of the degree of 
cold work, the abnormal steel gave minimum hardness readings at 
/00 degrees Cent. (1380 degrees Fahr.), just slightly above its A,, 
whereas the normal steel gave minimum hardness readings at suc- 


CESS] 


s]y » - ‘ . c : 
ively lower temperatures as the degree of cold work increased. 
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se 


This latter can but be interpreted to mean that at any 


ture below about 7OO degrees Cent. (1290 degrees Fahr. 


gree of cold work is the controlling factor in the anneali 
normal steel, so that the annealing temperature is definitely) 
tion of the degree of cold work. 

\s may be seen in the photomicrographs, there are two | 
simultaneously taking place in this normal steel. 


creased regranulation with increasing temperature, and the 


The first 


the increased spheroidization with increasing temperature. 
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ing that both of these factors influence the hardness in the same dire 


tion, it is quite evident that the slope of the hardness curves shou! 


be quite gradual and not show a marked “break” to the minimu 


hardness. 


The results of the microscopic examination substantiate tl 


s 1] 
ik i 


asmuch as it was noted that as the temperature of the anneal was i) 


creased the lower reductions were increasingly affected. 


This condition of constant shifting of 
spheroidizing actions culminates at the critical point for th 
where the last traces of pearlite are eliminated. 

In considering the abnormal steel, it is to be noted that tl 


terial is practically spheroidized at the lowest heat treatment 


le 


the regranulation ai 
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VIVE ll 


600 degrees Cent. (1110 degrees Fahr.), and that increasing the ter 


perature of the heat treatment really does little other than coarsen t] 


structure. 


Essentially the same amounts of residual pearlite pet 


in the lower reductions, and the cold work effects persist throughout 


the higher reductions. 


However, when this material is annealed at 750 degrees Cent 


(1380 degrees Fahr.), just above its 


changes. 


ond, the ferrite has achieved an immeasurably greater grain size tha 
can be attributed to a 25 degree Cent. increase in temperature, 
being shown for all reductions. 


occur two 


First, all evidences of cold work have disappeared, an 
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Thus it is to be expected that at its critical point, the abnorma 


steel, regardless of the amount of cold reduction, should sh 
marked and abrupt decrease in hardness. 
in complete agreement with the hardness results which show 
decrease in hardness readings at the critical point. 


\ 
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These observations 


Sild 


The hardness curves on these two steels also show that tor an) 


reduction, and for any heat treatment below the critical points of thes 


steels, the normal steel is the softer. 
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he answer 1s plainly evident in the photomicrographs, which 








show that the normal steel is losing more and more of its cold 






effect as the temperature increases, whereas the abnormal steel 






es not, and thus remains harder. 






lt is further evident that after annealing at and above the \,, the 







rmal steel is the softer. The reason for this appears to be due 






less pearlitic structure and large grain size. 







HARDENING 






lt is frequently mentioned that hardened abnormal steel is prone 





soit spots. This has been attributed by Epstein and Rawdon to 






| higher critical cooling rate which would become of greater import- 






ince with larger sections. But with the rate of cooling obtained upon 






water quenching such thin sections as were de: lt with in these ex- 






eriments, no difference was expected between normal and abnormal 





] 
steel 





Samples of each were hardened by water quenching from 775 
legrees Cent. (1425 degrees Fahr.) and care a explored for hard- 
ness. The Rockwell hardness ran uniformly C 62-63. 







he normal steel fractured in a much more “iaiaiie manner than 






the abnormal steel, and showed a much coarser grain; the abnormal 






steel being quite resilient and possessing a fine, silky, grain structure. 







CONCLUSIONS 











(1) Annealing these two types of steel at any temperature be- 





ow their respective critical ranges results in lower hardness values 


the normal steel, for like reductions. 
(2) For both steels, in general the hardness values after an- 












# healing decrease, with increasing cold reduction. 

; 3) The minimum hardness values for these steels are ob- 
= ‘alned when they are annealed at approximately their respective criti- 
® cals, but it was found that for the norma] steel, the minimum values 





occurred 





at decreasingly lower annealing temperatures as the cold re- 






itteot 
Iu 


® ‘uction increased, the hardness also decreasing with increasing cold 


E Wort 






Uhe abnormal steel, on the other hand, gives uniform mini- 









mum values at a constant temperature regardless of the amount of 





cold reduction. These minimum values for the abnormal steel are 
wer than the minimum values for the normal. 
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(4) Annealing above the critical increases the hardnes 
of each type of steel. 


(5) Hardening these two types of steel from 775 degr 


(1425 degrees Fahr.) gives much more satisfactory results i: 


normal steel. 
(6) The results of these experiments demonstrate the | 
advantage of using an abnormal type of steel. 


DISCUSSION 


Written Discussion: By H. S. Rawdon, chief, division of met 
S. Bureau of Standards, Washington, D. C. 

The authors are to be congratulated on this well planned and well ex 
cuted investigation which in the writer’s opinion is an exceedingly yaluab! 
contribution to the literature on the subject of abnormality in steel. The wor 
is especially useful in a practical way since the practical aspects of the proble: 
have been kept foremost throughout. Too often the term “abnormal,” as 


plied to steel, a term which everyone recognizes as ill chosen but necessary fo r has { 


} 
i 





want of a better one, is considered as connoting an inferior or secondary proper 
terial. It is a source of gratification, at least to the writer, that one of tl probab 
important facts established as a result of this work is that the practical a y 
vantage of using an abnormal steel for the particular purpose in hand was wu 
mistakably demonstrated by the investigation. 

The authors state.that for the purpose of this investigation the variabl 
composition which undoubtedly exists in commercial work, was eliminated b 
the selection of the material. The writer cannot concur with the implied « 
clusion that the presence of chromium to the extent of 0.05 per cent in one « 
the steels, the abnormal one, is of no significance. The influence of I] . 
amounts of chromium in retarding graphitization in high carbon tool steels 1: ™ long b 
quite generally recognized and it is believed that the effect of this amount \ 
chromium on the abnormal tendency of the steel used in this work is not e 
tirely negligible. 

The question may perhaps be in order as to the use of the Rockwell metnu 
for determining the hardness of the very thin sheets produced by cold rolling 
the hot-rolled material. An 80 per cent reduction on the hot-rolled sheet 0.08! 


Sa 


— 
ee 


inch in thickness resulted in strip only 0.015 inch thick. The hardness of su 


es ceeor se 


a thin sheet material, especially in the soft condition after annealing, probab! 
would not be correctly given by the Rockwell method. The Vickers metho 
would perhaps have been a wiser choice for this. Any possible change in t! 
hardness curves, of course, would not detract in any way from the validity 
the conclusions drawn by the authors. The point is mentioned only by wa 
of precaution, in case the hardness figures are quoted as being the true |! 
ness of steels of the composition given. 

Written Discussion: By Samuel Epstein, Battelle Memorial Institut 
Columbus, Ohio. SA 


The authors, in pointing out the advantages of an abnormal typ¢ 














DISCUSSION—COLD-ROLLED STRIP STEEI 





rolled strip, have added another example to those recently described 
Shepherd and Luerssen among others, in which that aspect of “body” in 

: stet own as abnormality may be of very practical benefit. Dealing as they 
with the effects of reductions by cold working, the question of aging and 
tlement by cold work naturally arises. The “non-aging” structural steel 

tt discussed by Neuendorf* is very fine-grained and abnormal. Samples of 

‘- material have been found to harden less after equal amounts of cold work 
rdinary structural steel and also to be much more immune to embrittle- 


as measured by notched bar impact tests after cold work (up to 17 per 






ent reduction) and reheating to the blue heat region, than ordinary structural 





It is of interest to note, therefore, that the abnormal strip steel tested by 
he authors did not appear to become as hard (unfortunately the hardness 





values after cold working but before annealing are not shown in the paper) 
nd brittle with cold work as the normal steel, for they state, “The normal 





steel with about 60 per cent reduction began to show edge cracks. The ab- 





mal steel rolled much easier on the whole and did not develop edge cracks 
any stage of reduction used.” As a rule an abnormal steel will have a 






cher impact resistance than a similar normal steel. Not all abnormal steel 
as the unusual “non-aging” property of Izett, however. Although this 
property and abnormality apparently do not necessarily go together, they are 
} 
t 









Y 
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ably related in some ways. 

Both probably lie at the bottom of most of the mystery surrounding the 

term “body” in steel and similar synonymous terms which have lately arisen. 

(he better appreciation and understanding of abnormality and aging which we 
rapidly acquiring should remove much of that mystery, and replace such 

terms as “body” by more scientific concepts. 

Joun R. Dagsen: I would like to ask if there was any difference in the 


ibility to stand forming operations between the abnormal and the normal steels 






iiter they had been annealed. The fact that there was complete spheroidization 











long betore the effects of cold work were removed is what raises the question in 
my mind. Is it a tact that the spheroidization is all that is necessary in order 


= to get the best forming properties, or is it necessary to hit that sharply de- 
F fined critical point in the case of the abnormal steels ? 

: H. W. McQuaip:* In this line of work the normal steels are the ones 
= that the customer does not want and the steels which you usually have are the 
f ibnormal steels, and his normal steel is the abnormal steel, and everything is 
rf well reversed. 

i M. J. R. Morrts:* There is a certain amount of work to be done in 
3 spheroidizing, and in one case we have to do all that by annealing in the sim- 
= lest form, and in the other case we do it by help from the steel itself. 

a | cannot determine from the curve which is presented whether or not the 


y + + 
r ) 


tour hours is enough to do the work at the temperature given. Sum- 
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marizing it simply, it certainly looks as though the one which has th 
inherent tendency to divorce has certainly given help. 

May I inquire whether the rolling was done cold or whethe: 
were heated? 


Authors’ Closure 


The authors wish to thank Dr. Rawdon for calling further att 
the fact that the abnormal steel is often the better steel to use, and that 
of the term “abnormal” is, perhaps, unfortunate. With reference to Dr. 


don’s remarks concerning the 0.05 per cent chromium in the abnormal steel. ; 


is true that the authors have considered this of no material import. However 
the important factors brought to light in Mr. Bain’s Campbell Lecture ye; 
clearly show that even smaller amounts of additional materials may influer 
the normality of the steel. 

It is true that the Rockwell method of hardness testing yields doubtful r 
sults on very thin sections. The hardness determinations which were used ; 
this paper represent, on the three final reductions, readings taken on multip! 
thicknesses of strip. 

It is well to bear in mind that the testing of these sheets by the rolling 
mills, and also by their customers, is frequently done on single sheets as thi 
as 0.010 inch. 

Mr. Epstein is somewhat in error regarding the properties of the 
rolled” strip. It is true that the abnormal steel did not become as brittle as 
the normal steel, as indicated by the edge cracking. Nevertheless, the abnormal 
steel is the harder. The hardness of the “as-rolled” normal strips ranged fron 
101 to 105 Rockwell B, while the range of hardness in the abnormal steel is 
104.5 to 108. 

Some data are available concerning the comparative impact values of sin 
ilar steels as well as normal and abnormal steels of 0.43 and 0.20 per cent car 
bon in substantiation of Mr. Epstein’s remarks concerning the impact values 

With reference to Mr. Morris’ question as to whether or not four hours 
is a long enough period, really what we have presented here is the major por 
tion, but not all of the work which was done in this entire matter. 

As a matter of fact, this experiment involves a series of steels annealed 
for four hours, and another series for eight hours, and another series for six 
teen hours. When we had completed the work we laid out all the photo- 
graphic results on a large floor, and after making a comparison between t! 
four, eight, and sixteen hour anneals we thought we might just as well draw 4 
line after four hours and stop it there, because there is really not anything ' 
be gained by the longer time. 

In answer to Mr. Morris may I say that the strips were entirely « 
rolled and there was no annealing whatever between passes. The only heat 
which we applied to them was the final annealing. 

























PRINCIPLES OF LUBRICATION IN COLD DRAWING 
SHEET STEEL 





By H. A. MontTGOMERY 


Abstract 


























[his paper deals with the principles of lubrication 
nvolved in the cold drawing, pressing and general shaping 






Ray of sheet metal products. It also deals with the chemical 
steel and physical properties of natural lubricants utilized for 
owever this purpose, together with compounded lubricants gener- 
ire Vi ally furnished under secret formulae. 
flu ; 
tful + f hee most important factor involved in the efficient production 
used it of metal stampings is, of course, die design and construction, but 
multip! following next in order of importance is the matter of lubrication. 
The extremely rapid development of the art of plastic cold work 
: . : ng of metal has attracted in the past two or three years the attention 
i > of the lubrication chemist to this interesting field. 
the E [ficient lubrication of production operations will effect a greater 
writtl net saving to the average stamping plant than any other single factor, 
vbnormal iside from correct tool design and construction. 
zed it . ° ; ; ‘ 
a | Of the natural fats and oils sometimes used as sheet metal lubri- 
 cants, those of outstanding merit are beef tallow, wool grease, lard 
s of s © oil, castor oil and elaine oil. Of the compounded lubricants widely 
cent furnished for this purpose, most of them will be found to be based 
values » principally upon the aforementioned fatty oils and fats, and, with few 
nd | exceptions, are all prepared in the form of water-soluble emulsions, 
= | varying gradually from solid, pasty materials to viscous liquids. Such 
annealed » prepared compounds not only contain basic fatty lubricating ma- 
s for six- © terial but also may contain varying quantities of mineral oils, the min 
1e photo : eral oils usually ranging between 200 and 700 viscosity. 
ee 2 : The principles involved in the lubricating of metal drawing oper- 
vthing ¢ — ations have little in common with the principles involved in machine 
= lubrication. The first and foremost requirement of a good cold draw- 
rely | ® ing lubricant is high film strength, but it by no means follows that any 
only hea ; 


-_ | \ paper presented before the Fourteenth Annual Convention of the society 


% held in Buffalo, October 3 to 7, 1932. The author, H. A. Montgomery, is pres- 


dent of the H. A. Montgomery Company of Detroit. Manuscript received 
\ 1932. 


































































































































TRANSACTIONS OF THE A. S. S. T. 









lubricant possessed of this characteristic is an efficient med 
the purpose. 

Physical research has shown that a satisfactory lubrica 
be properly balanced, principally as to coefficient of friction 
face tension. The apparent proper range of coefficient of frict 
accordance with physical research, is from 0.005 to 0.020. Surf, 
tension in all instances should be as low as it is possible to obtain 
any given lubricant. The factor of surface tension appears to by 
the utmost importance, and those lubricants seemingly possessing 
the lowest surface tension, generally speaking, function most effi 
ently. 

It is not difficult to fabricate lubricants possessing hig 
strength. This can be accomplished in several ways, and is usual 
controlled by increasing or decreasing the extent of saponification 0 
the fatty bases, and or by the use of a solid lubricating material suc! 
as lead carbonate, calcium carbonate, talc, etc., introduced into th 
compound. Where cold cleavage or plastic flowing of metal takes 
place, lubrication is required of a different sort than is required in 
machine bearing. 


It has been found by long experience that certain lubricating ma 


terials, derived from fatty sources, possess inherent characteristics 


which seem to be lacking in lubricants derived from mineral sources 
These properties, when developed by chemical treatment, are great! 
enhanced in value as lubricants for this use. 


We do not find lubricating mediums of natural occurrence satis 


factorily answering the requirements of stamping plant usage. It 1s 


only by chemical process of compounding that we finally arrive at 
balanced condition in a lubricating compound which fits the lubricat 
ing substance scientifically to the operation. 

In the preparation of lubricants for general stamping plant us 
certain physical conditions must be developed; dependent upon th 
perfection attained rests the merit or efficiency of the finished con 
pound. 


Generally speaking, these conditions are of a physical nature and 


. > . . . . - . - 1, 
establish definite limits as to choice of materials from which th 
lubricant may be compounded. While these conditions are principall 
of a physical nature, they are mostly arrived at through chemuica 


treatment. The conditions referred to are as follows: 








emg ae 


UN = ait 









ing ma 
teristics 
SOUTCeS 


oreall 


ant ust 
pon the 


ed con 


ture and 


hich. the 
incipally 


chemiuca 






























homage 


Bah NAS fae g = ee EOS 


LUBRICATION IN DEEP DRAWING 


Highest possible film strength 

2. Medium coefficient of friction 

Lowest surface tension 

$. Fixed solubility in alkaline and non-alkaline 
water 

5. Oil solubility 

6. Stability of the product 

7. Toxic effect upon workmen 

8. Proof against fermentation, decomposition or 
other chemical change 

9, Proof against corrosion 

10. Ease of application 

11. Ease of admixing 

12. Ease of cleaning 

13. Odor and general cleanliness of use. 


I 


will probably be of interest to mention the manner by which 
hese specific conditions are arrived at in a given lubricant. High 
film strength is the direct result of choice of the basic ingredients, and 
the alkaline saponification of the fatty materials used. The extent of 
saponification determines to a considerable degree the ultimate film 
strength of the entire lubricant insofar as the oily body 1s concerned. 
lhe more of the fatty substance that is converted to soap, the higher 
the film strength will be. Coefficient of friction is established by 
control of the degree of water-solubility of the product, and the 
amount of moisture it contains as a component part of the 
ntire formulation. Surface tension is controlled by proportioning 
the saponified and unsaponified oily bodies. Fermentation. is con 
trolled through the means of powerful chemical preservatives. It 1s 
extremely difficult to control, with guaranteed effectiveness, this mat- 
ter of fermentation. Water emulsions, consisting of saponified and 
unsaponified fats and fatty oils, are apt to ferment readily under 
warm weather conditions in spite of all preservative precaution taken. 
Benzoic acid, when used in the proportions of one tenth of one per 
cent, Is a most effective preservative, and gives the most satisfactory 
results of anything known at present. It has no toxic effect upon the 
workmen, and there are no known difficulties attendant upon its use. 
When all the foregoing conditions are met, a master lubricant results. 
No product may be considered wholly efficient that does not fully 
meet these specifications. 
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Che principal function of a cold drawing lubricant is to 


scoring of the work-piece or breakage of the metal during t! 


ing operations, as well as the prevention of excessive die wea 
the high pressures developed in cold drawing and pressing op 
the film strength of the oily medium is usually exceeded, espe 
the case of heavy duty work. When the lubricant film is ruptured 
seizure of metal is likely to occur. 

It is a physical impossibility to reach the required film strengt 
of a drawing lubricant with any purely oily medium, saponified or w 
saponified. It, therefore, becomes necessary to fortify the fil 


strength of the oily medium with materials of a naturally toug 


nature. This is usually accomplished by the addition of solid lubr; ail 
cating materials, in a finely divided condition, to the oily body of tl 





nr 0 € 


lubricant, and the suspension of the same uniformly throughout t Ca 
as L 


mass. These solids must be chemically inert so as not to affect th aiitein 
other ingredients of which the lubricant is composed. These soli oul 
must also possess natural lubricating properties. Their function is t . 
aid in preventing metal to metal contact. The amount of such solid 
materials that may be added is limited, and usually forms from 20 t 
30 per cent of the entire formulation. The amount of this maters 
that may be used is limited due to the difficulty its presence imparts t | 
the subsequent cleaning operations. They are not particularly eff P | 
tive in fortifving the film strength of the lubricant if used in lesse1 

quantities than 20 per cent, and seldom form more than 35 per cet 

of the entire formula. 

It is well to point out that, so long as more or less indestructib! 
solid material is introduced between the metal of the work-piece 
the die wall, a definite separation of metal to metal is maintained, and 
the chances of scoring are greatly reduced. 

Solid lubricating materials added to the oily medium of a draw 
ing lubricant are usually possessed of a high degree of oil absorptior S medi 
and, due to this factor, are effective in carrying a definite portion | 
the oily medium directly between the metal of the work-piece 
the die wall. S to the 

The pressures exerted during the drawing operation express U ® ing 
oily medium from the solid material, thereby maintaining some | : wetti 
the actual lubricating substance at a point where it is most required  extre 

Generally speaking, the solid added to drawing lubricants 


solub 


neutral calcium carbonates. There are other substances which 
be added, such as lead carbonate, zinc oxide, barium carbonate, tal par 
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's earth, types of infusorial earth, types of clay and like mate- 


\side from the value of lead carbonate and zinc oxide, calcium 
honate seems to be most effective as well as the least expensive 


material which may be used. Lead carbonate and zinc oxide, while 
extremely effective as lubricating bodies, are chemically active in the 
oily medium, and have a marked tendency to produce water-insoluble 
fatty acid salts of these metals. This contributes a marked difficulty 
‘n cleaning, and, therefore, such substances are considered objection 
able. 

Calcium carbonate is practically inert, and possesses the required 
merits for this use. Tale is objectionable owing to its high abrasive 
properties. Barium carbonate is objectionable as it seems to influence 
fermentation. The clays are objectionable usually due to their high 
silica content. Further than this, calcium carbonate seems to be more 
easily cleanable than other substances. 

Coefficient of friction of any given lubricant is a factor of small 
importance when considered from the standpoint of deep-drawn 
heavy metal stampings of small surface area. However, when con- 
sidered from the standpoint of stampings drawn from light-gage 
sheet of great area, it becomes a factor of serious importance. 

If the coefficient of friction is too low, the metal slips too freely 
into the die cavity, resulting in an unevenly drawn or wrinkled work- 
piece. If the coefficient of friction is high, breakage of the sheet 
takes place at the point of greatest stress. 

Excessive adhesiveness of a lubricant also has a marked tendency 
to cause the sheet to open its grain structure, owing to the overstress 
ing of the metal while drawing. Sheet metal having high percentage 
of stretcher strains is often affected by the adhesiveness of the draw- 
ing lubricant in use. In the preparation of well-balanced lubricating 
mediums for sheet metal drawing purposes, it is very necessary that 
the lubricant be accurately adjusted as to coefficient of friction. 

Surface tension of good drawing lubricants should be low, due 
to the fact that lubricants, generally used for metal cutting and draw- 
ing purposes, are efficient or inefficient in direct proportion to their 
wetting properties. The wetting property of any given lubricant is of 
extreme importance, and this factor is reflected in surface tension. 

Most cold drawing lubricants are prepared in the form of water- 


SO 


thle , -4 . TT 
ubie emulsions. There are several reasons why they are so pre- 


pared. The principal reason is due to the dependence upon the soap 
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base of the lubricant. It is only by means of emulsification that 4) 
soapy materials can be uniformly dispersed throughout the w 
hed oily portion and maintained in that condition. Secondly, 


C1 


pension of the solid material is more readily accomplished and | 


compound is readily adjustable to various operations by water-dily 


tion on the part of the user. 

Solubility in alkaline solutions is desirable in the interests 
subsequent cleaning operations. Stability against separation jis 
absolutely necessary requirement. 


Drawing lubricants are sometimes compounded of materials thai 


are toxic in effect upon workmen. This results in poisoning by 
sorption, and such conditions must be carefully avoided. Lea 
carbonate is particularly effective in this direction. 


Color and odor of drawing lubricants must be not unpleasant 


Color is of serious import when the lubricant is used on such stamy 
ings as automobile fenders, body panels, etc. 

When such stampings are drawn, uniform lubrication does n 
take place on all sections of the draw ring. The lubricant is only a 


plied to those locations on the draw ring where the metal is expect 


to flow freely into the die-cavity. At other locations on the draw ring 
the metal is expected to hold with little or no movement. No lubri 


cant is applied at those points. Definite color of the lubricant 
the operator in applying only where required. 
There is not a great number of lubricating substances of natu 


occurrence that lend themselves readily for use as ingredients for ei 
ficient drawing lubricants, and no natural product known, which ma 
possess merit in this direction, occurs in a suitable physical conditio1 
to permit its use efficiently or economically. It becomes necessar\ 
therefore, to make a choice of those oily mediums which we knoy 
by experience to be best suited for the purpose. Two of the mos 
important oily substances which form satisfactory bases for drawing 


lubricants are, in order of importance, beef tallow and castor oil. 


Of the two substances, tallow, with an approximate film strengt 
of 40,000 pounds, and a coefficient of friction of 0.005, is general 
satisfactory in performance when used in its natural state as a draw 


ing lubricant. Its film strength is considerably lower than that ot cas 


tor oil, which is approximately 60,000 pounds, and its coefficient 


friction is ten times lower than that of castor oil, but its wetting 


power appears to be much higher. 


Therefore, if. as stated, the above two substances are effect 
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- from which to compound a good lubricant, it is desirable to 
ake advantage of the higher film strength of the castor oil and the 
iohet wetting properties and lower coefficient of friction of the tal 
iow. The simple compounding of these two substances together does 
aot result in a medium possessing proper physical conditions fot 


‘nomic and efficient use as a drawing medium. 


However, by chemical treatment of these substances (by sapont 
tion, sulphonation and emulsification ), we are enabled to take ad 
antage of the peculiar characteristics of each. When they are so 
blended or compounded in correct balance, they produce truly re 
markable lubricating results. 

In the cold working operations of all metals, where such opera 
tions require lubrication, whether it be the cleavage of metal or shap 

¢ of it by plastic working, peculiar influences of lubricants are 
noted. It isa fact well understood by engineers and chemists that all 
metals. with the exception of aluminum, tool more readily and ef 
fectively under influence of lubricants derived from fatty sources. 

It can hardly be stated that these influences are due to chemical 
ction. They are more likely due to physical action or condition, but 
insofar as we can describe them, they are principally due to the wet 
ting principle and film strength of the lubricant. We posses a fairly 
efinite knowledge of these physical phenomena and effects, but other 
than supposing they are due principally to wetting power and film 
strensth of the lubricant, we possess little other knowledge. 

In late years we have noted the intensely efficient effect of sul 
phurized lubricating mediums. By sulphurization of mineral lubri- 
cants we are enabled to match, and in some instances surpass, the 
performance of lubricants derived from fatty sources. Sulphurized 
mineral oils are particularly effective lubricants on punching and 
shearing operations, and on short draws, and on heavy metal where 
the work-piece must be kept free from scores. 

We cannot observe that the sulphurization of an oily medium in 
creases its wetting power. We know that the thermal properties of 


the lubricant are affected by sulphurization, but this hardly explains 


their efficient performance. We are beginning to believe that perhaps 
there is chemical influence in some manner exerted, but nobody to 
our knowledge has offered a satisfactory explanation in this direction. 
It has recently come to light that lubricating mediums, treated 
with chlorine or with chlorine-bearing compounds, are greatly en- 


hanced in their lubricating performance. It is peculiar to note that the 
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introduction of such a volatile substance as carbon tetrachlori 
oily medium so fortifies its film strength as to make it well nich jp 
destructible when introduced into a machine bearing. This e in 


fluence is noted in a lesser degree when applied to lubricants for mets 


drawing operations. The peculiar effect of such chemical treatment 


of lubricants has set afoot interesting research, and we ar noting 
with increased curiosity the effect of other corrosive substances when 
introduced into compounded oily mediums. 

In very recent months we have been amazed at the performance 
We have ri 


cently witnessed the almost impossibility of the scoring of a sheet 


of certain organic sulphates in compounded lubricants. 


metal work-piece, drawn under the influence of lubricants bearing 


minor quantities of these sulphates. Their use thus far, 


seems impractical owing to their corrosive nature. They may, how 
ever, prove extremely effective on the newer stainless metals. 
have no data available in this direction at this time. 

It is difficult to offer a satisfactory explanation of either a phy 
sical or chemical nature of these curious results. It seems evident 
however, from recent research, that an entirely new theory in prin 


ciple of lubrication will ultimately result—a theory which will attac! 


considerable more importance to the chemistry of lubricants and less 


importance to the purely physical properties. 






DISCUSSION 


Written Discussion: By Joseph Winlock, chief metallurgist, Edv 
Budd Manufacturing Co., Philadelphia. 


Mr. Montgomery has prepared a very interesting paper on the requir 


ments of a good lubricant for use in the deep drawing of sheet steel, and has 


described the effect of the different constituents on the properties of drawing 
has 


compounds. I should like to add to the list of requirements which he 


enumerated that of high heat conductivity. Sometimes, and especially in draw 


ing metal of heavy gage, the amount of heat produced by the friction betwee! 


the 


the die and the metal being formed, and the amount of heat produced by) 
metal itself when being deformed, becomes very great. 


cessive wear on the dies, and may also cause small particles of metal to adhert 


to the die (“die pick up”). The result of this is usually a severe scoring 


the surfaces of the stampings. 


It is hoped that Mr. Montgomery will continue his studies to include actu 


experimental data on the effect of different drawing compounds on given t 
of draws. 

Written Discussion: 
vania Lubricating Co., Pittsburgh. 
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This may lead to ex 
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By Maurice Reswick, chief engineer, Penns 


Mr. Montgomery’s excellent paper outlines concisely the essental requir 
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ents which a lubricant for cold drawing of sheet steel must meet and de- 
<ribes the influence of the ingredients commonly used in compounding such 
ricants on the efficiency of operating performance. 
formation of this kind is of great value to the industry, and it is a sign 
progress when the cloud of mystery and secrecy which still surrounds this 
sannloalaa: subject is being gradually dispelled. The engineer and shop super- 
stendentt is thus helped by the lubricant manufacturer to understand in intelli- 
cent scientific terms what the essential constituents are of a successful drawing 
ompound, why they are used, and what function they perform. 

On comparatively light drawing and stamping operations any oily, 
anctuous film adhering to the metal will serve as adequate lubrication. Slush- 
ing oils or soluble oils with which sheets are coated at the mill for preventing 
rust during shipment and in storage furnish sufficient lubrication in the 
mechanical processing of the material at the shop. However, as the depth or 
severity of the draw—and consequently the stresses involved—become greater, 
dependence can be placed only on lubricants possessing special properties of 
high film strength, provided the other equally essential requirements are not 
sacrificed unduly, and no harmful effects on the material worked or on the 
tools are introduced. 

lhe usual types of greases used in the lubrication of machinery cannot be 
well adapted for drawing operations for the reason that they do not possess 
sufficient film strength, cannot be readily diluted, and are difficult to clean off. 
Drawing compounds, such as described by Mr. Montgomery, contain soap 
bases of mineral oils similar to those used in machinery greases, and the main 
diference between the two is the presence of an excess of free animal or vege- 
table fats or fixed oils in the drawing compound, together with an appreciable 
percentage of inert solid matter or fillers such as calcium carbonate (common 
chalk). It is largely the presence of free fat, usually in the form of tallow, 
that imparts greater film strength and increases the wetting properties or ad- 
sorption of the lubricant by the steel surface, as indicated in lowered surface 
tension of the lubricant. 

While in a lubricating grease 2 or 3 per cent of moisture is considered as 
the maximum allowable, in order to bind the solid fillers and other ingredients 
the drawing compounds together it becomes necessary to use as much as 20 
+) per cent of water in their manufacture in order to produce a rich emul- 
sion, approximating a gel, which retards—but does not entirely prevent—the 
settling out of the solids and the separation of the unsaponified oils. 

fermentation and its allied phenomena—rancidity, oxidation, discoloration, 


\ i 


are all favored by the unbalanced chemical condition of the drawing com- 


et 


pound, ie., the existence of an excess of free fat in the presence of water, 
which creates an ideal setting for chemical activity particularly when the 
product is exposed to atmospheric conditions. Fermentation is a series of 
chemical reactions caused by micro-organisms which derive their nourishment 
‘rom the unsaponified fats or from organic matter in general. 

Preservatives, such as benzoic acid or cresol, act as a deterrent against 
lermentation, and while their use in connection with the described types of 


ompounds appears to be necessary, they should be regarded as an in- 


manufacturing practice which is far from the ideal. In general, the 




































































































































































































































































566 TRANSACTIONS OF THE 


use of preservatives or scenting materials may cover a multitude of s 
disguising the employment of inferior materials in the manufactur: 
lubricant. 

As to extreme pressure lubricants of the chlorinated sulphur type, 
servation has been that their effectiveness in this direction varies direct 


their corrosiveness, or the quantity of active chlorine and sulphur incor 


in the compound. The nature of the film which prevents scoring in lubricant 


of this type does not depend so much on the “oiliness” of the compound as }; 
does on the formation of a minute layer of chemically reacted iron sulphide 0 
chloride over the surface of the work-piece and the die on which the compoun 
is spread. The corrosiveness of such compounds, of course, rules out their 
tended use. 


CX 


As manufacturers and marketers of extreme pressure lubricants, we hay 
found that when lead oleate, commonly known as lead soap, of the proper 
degree of purity is incorporated in a blended oil with which it is miscible 0; 
incorporated in special compounds and grease, the resulting products possess 
all necessary extreme pressure characteristics without entailing any objecti: 


able features such as corrosion, abrasion and staining. 


Oral Discussion 


1 


Joun R. DakEsen:* Mr. Montgomery is to be congratulated for his 1 


I 
on a subject that has not had a great deal of attention in our technical lite: 


ature. It is particularly important to producers of the new nonferrous sh 





metals. ® § ticula 
In the past, steel and brass have been used almost universally for stam m™ © presst 

ings, and a good many lubricating solutions have been made up, perhaps by rul drawi 

of thumb methods which those in the business know from long experience wil 

work, but when a new metal is used, very often it takes a long time to fin 

the proper lubricating solution that will give the best results. For that reasot : 

a technical consideration of the various elements that are concerned with lubri = to lar 

cation will prove very valuable in the introduction of new alloys tor forming : 

work. «i | 
In particular connection with this point is the consideration ot 

mechanism of the wetting. The theory has been expressed from several point 

that wetting results only when there is some chemical action between the lubri 

cant and the metal. 
In that connection, it will be readily apparent that if we are going to draw 

an alloy of zinc, for example, a corrosive medium in the lubricant which g1\ 

just the right amount of wetting with steel might be entirely too corrosive 1 

drawing the alloy of the more readily corroded metal. 
| think that further work on this subject would be of more universal valu 

if, in addition to considering the nature of the draw, the nature of the materia 

were considered and different lubricants developed that would be adaptable 

these different newer metals because of their different chemical properties 


M. J. R. Morris:* I would like to ask Mr. Montgomery if he has, in! 


1Chief metallurgist, Illinois Zinc Co., Chicago. 


2Chief metallurgist, Republic Steel Corporation, Massillon, Ohio 
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nce, observed whether it is advisable at times to especially pay attention 
condition of the surface of the product which he is going to roll. I have 
d extremely heavy draws and stainless steels. 
We have lived through a tremendous lot of experience on stainless steels, 
d we have called upon the help of all the experience which went ahead. We 
have made many mistakes. When we had a product with ample ductility, in fact 
uble that of the regular product, we obtained poor results. In plain English, 
ve did not know how to use the ductility which was at our disposal. 
| think the work done by Mr. Montgomery has helped the industry tre- 
mendously. 
| would like to ask ‘Mr. Montgomery if he found the characteristics of the 
surface of outstanding importance; in other words, could it make or break the 
:pplication of the compounds used? 
What I am unable to clear in my mind is, should we use a solid lubricant 
certain cases or should we use a dual lubricant where you have emulsion, 
ind help that to function by a solid lubricant on the surface of the job being 
drawn. 
H. W. McQuaip:* There is one thing I would like to say. In this lubri- 
cation of cold drawing in gears, or lubrication of anything, the important thing 
that the lubricant, particularly in cold drawing, has to be stronger than the 
material itself. I do not mean stronger than a die, but stronger than the softest 
the two materials. 
| have done a lot of work in the last year on lubricants of all kinds, par- 
¥ ticularly in conjunction with scoring, etc., and I know, for instance, that the 
pressures of gears are much greater than the pressures that we get in cold 










drawing sheets or solid bars, even though we do not usually consider them so. 
[he question of wetting the surface is an important one. The use of lard 


] 
| 
i 


ils and castor oils and non-mineral oils in conjunction with mineral oils does 


Ul 





increase this wetting, but the addition of sulphur or chlorine or sulphur chloride 
to lard oil does develop lubricants with tremendous film strength, which satisfy 








a every requirement of actual film strength. 

oe It has been our custom to use white lead and castor oil in deep-drawing, 
B ind apparently there has not been any great improvement, as far as I can learn 
x m reading these papers, in the materials we have been using, outside of your 


t. P. lubricant, but there seems to be in this paper a consolidation of ideas as to 








the proper lubricants for sheets. 


Author’s Closure 






Ph [here is some considerable bearing upon the performance of a lubricant 
= irom the standpoint of surface conditions of metals to this extent—we find, 









—® ‘through many years of actual experience, that cold-rolled sheets are extremely 
ie dithcult to keep free from scoring. Where we have hot-rolled and pickled 
; sheet, where the grain surface is open, it seems that the drawing lubricant will 

idhere better to the sheet and perform better than when applied to the finish 


ot the cold-rolled sheets. 


has been said that the cold-rolled sheets have a soft skin on the outer 


t metallurgist, Timken Detroit Axle Co., Detroit. 
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surface that causes most of the trouble. There apparently is no diff 
the performance, from the standpoint of breakage of the sheet, betw: 
rolled and hot-rolled, but there 1s a considerable difference from the 

of scoring. There 1s markedly more scoring in a cold-rolled stampin 
hot-rolled one. We never have undertaken to produce special lubri 
it. There is no particular reason for our not having done so 
have not. 

We are more or less successful with the products which we hay 
made for general stamping purposes. They work quite efficiently, | 
rolled steel does give us more trouble from the standpoint of scratel 
scoring. 

The best answer I can give to Mr. Morris’ question is that we use a so! 
lubricant. The cross section of the stamping has a great deal to do with 
type of lubricant. When the stamping is heavy and the pressures are hea, 
it is necessary to fortify the film strength of the lubricant with more of ¢ 
solid material. When we come to the light gage metals, especially on de 
draws and small sectional areas, good results can be obtained by simple soa 
or oil emulsions, or oily mediums themselves that run high in saponifiable fg 
or oils. 

On the heavy cross sections we must use pigments. It is necessary to res 
to some such material to gain the proper film strength. 

That is not wholly true. In answering Mr. Reswick’s discussion I bri 
out the point that we have a distinct demarcation between the lubricants 
they are prepared for general use. One class takes in emulsions of b 
soluble and insoluble nature, and the other class takes in either chlorinated or 
sulphurized products. Usually the emulsified products are used on light ga 


sheet metals, and the chlorinated ones are used on the heavy cross sectio! * @§©fied th 


where the draw sets up extreme pressures. ms actior 


The sulphurized products seem to function more efficiently and take better 
care of the heat that develops. When we use sulphurized oils we do not ge 
erally pigment those products or use any solid lubricant. We depend 
chemical properties to take care of the entire operation. 

In reply to Mr. McQuaid’s reference to the use of white lead and castor 
oil, I do believe that God never put on the face of the earth anything that 
was more effective than white lead or castor oil. It forms the strongest fil! 
strength of anything we have had to contend with, but there are objections t 
the use of white lead. You cannot clean it off and it has a toxic effect on tl 
workmen. Many men are susceptible to lead poisoning, so the use of lea 
carbonate or lead oxide is about ruled out. You find its use very limite 
today. 

We can approach quite closely the merits of white lead and castor oil b 
these prepared compounds, and we seem to be able to perform most of the r 
quirements of those lubricants. 

In replying to Mr. Reswick’s discussion of my paper | am not prepal 
to admit that the use of preserving and scenting materials should be regard 
with suspicion by the user of such lubricants as I have described. 

He may be somewhat justified, in my opinion, to the end that su 
ditions may be used to mask the use of inferior ingredients. Howeve! the 
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present day stamping plant practice are so severe upon lubrication pet 
that it is unlikely a manufacturer of these highly specialized lubri 


uid attain the required efficiency should he resort to the use of inferior 


uch products containing unduly large amounts of water may be justi 
regarded with suspicion but an experience extending over some fifteen 


i time has failed to indicate any satisfactory methods other than emulsi- 


by means of which a more or less universally satisfactory product for 


e can be compounded and held uniformly together. The presence of 


—~ 

ppreciable volume of water in a lubricant such as I have described is es- 
ential but it should not exceed 20 to 25 per cent of the formula. Beyond that 
it amounts purely to adulteration unless there is special reason for an excess 
mount 

[he presence of such a volume of water in these products is the basic 

ise of fermentation and allied phenomena as mentioned by Mr. Reswick. 
herefore, so long as I, a manufacturer of such products, am aware that my 
duct is subject to the condition of fermentation I hold that I may take every 
precaution to guard against the condition without being subject to question as 
to my motive 1n making use ot chemical preservatives. 

Scenting materials are not nearly so often used to mask the odor of in- 
ferior materials as they are used to confuse an analyst or cover an objectionable 
dor that may find its source in a perfectly clean and wholesome ingredient. 

In this connection | mention common degras or commercial wool fat which 

extensively used as an ingredient in drawing lubricants due to its peculiar 
emulsifying characteristics and lubricating properties. It is a clean and whole- 
some fatty material. Its natural odor is somewhat unpleasant and when saponi- 
fied the odor is considerably intensified. The odor does not spring from putre- 


faction or any allied cause; it 1s due to the character of its free fatty acids. 


ke better = | again hold that as a manufacturer making use of the desirable properties of 
not gel ™ such an ingredient I am justified in masking its odor. 

‘pend o Mr. Reswick, in his discussion, mentions the use of lead oleate to attain 

= required film strength in an oily preparation for use as a drawing lubricant. 

nd castor is (he value of metallic soaps in this connection has had considerable atten- 
hing that : ion on my part, for while their use does lend considerable film strength to 
west filr & lubricants | have observed that such compounds possess only mediocre merit as 
ections t * sheet metal production lubricants. We have observed that lead oleate in par- 
ct ™ ticular has a marked tendency to support emulsions of such compounds against 


separation, 

\s to Mr. Reswick’s reference to the effectiveness of the so-called cor- 
sive lubricating compounds I agree that such compounds are effective some- 
hat in proportion to their corrosive activity. They should not, however, in 

opinion, be ruled out entirely as they may be used most effectively upon 

classes of heavy stampings where their comparatively slight corrosive 
of no importance. This is particularly true in connection with the 
bearing variety where the merit of the product is dependent upon a 
mercaptan content or sulphur in solution. In these instances the value 
ilphur ingredient is lessened but the corrosive action, if any, is so slight 


1 no detrimental importance. 
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In Mr. Winlock’s discussion of my paper he sets torth the desi: 
high heat conductivity in a good drawing lubricant. I agree with 
lock that the thermal properties of such lubricating media should not 
looked and have not been. 

As Mr. Winlock has pointed out, the heat developed in a drawi: 
tion comes from two causes; that is from the friction of the metal pas 
the die wall and from the internal friction within the metal being wor 

A satisfactory lubricant should and does reduce the former but 
has little influence upon the latter, as most drawing operations are surrou 
with such a small volume of lubricant that the lubricant present can only abs 
a fraction of the heat set up from internal friction. 

1 would point out, however, that a marked difference in thermal , 
ditions is noticeable between metal parts drawn with soap base emulsified « 
pounds and those drawn with the so-called corrosive lubricants and it is n 
in favor of the corrosive lubricant, and it is particularly so in connection wi 
the sulphur-bearing lubricants. I can offer no reasonable explanation { 
phenomenon. 


r t} 


On a recent experiment a metal part weighing 534 pounds, taken direct 


from the draw die and placed in a fixed volume of water showed a differer 


of 23 degrees Fahr. in the amount of heat absorbed by the water in a 


time period. In one instance the part was drawn using an emulsified soap bas 


lubricant and the other using a corrosive lubricant. Both lubricants were 


ducing satisfactory results insofar as scoring was concerned 
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,\GE HARDENING IN LOW CARBON STRIP STEEL 





By EARLE B. WuITTEMORI 





Abstract 



























This paper discusses the phenomenon of age hard 
ning in low carbon strip steel. General specifications are 
iven for the physical properties of cold-rolled strip for 
the various uses in industry. 

Aging is a condition of definite increase in hardness, 
lastic limit and tensile strength with a consequent loss in 
luctility or workability occurring during the period when 
he steel is at rest at normal temperatures following the 
mupletion of cold work. 

The results of many tests under standard mill con 
litions are shown in a table form as well as in curves. 

A brief discussion of the effect of carbon content on 
the aging characteristics is given. 





Me \NY users of low carbon cold-rolled strip steel have shown 
considerable interest in the increase in hardness and loss of 
ductility due to aging in basic open-hearth steel of the following 
composition: Carbon, 0.05 to 0.15 per cent; manganese, 0.30 to 0.50 
per cent; phosphorus, 0.05 per cent maximum; sulphur, 0.05 per cent 
maximum ; and silicon, 0.05 per cent maximum. 


\Vhereas most manufacturers and consumers of this type of 





material accept age hardening as a fact, they do not agree upon the 
extent of the increase in hardening. ‘This may be due in part to a 
lailure to mention the temper of the material in question and the 
d of aging. 
BS \t the outset let us define “temper.” ‘Temper of cold-rolled 
steel indicates the degree of hardness and the ductility best 
dapted tor further work (such as blanking, forming, perforating, 
drawing to shallow or deep cups and tubes). ‘These different 
physical properties in low carbon basic steel (cold-rolled strip) are 
tan | 


tained by controlling the amount of cold rolling done upon the 


iled material or on the material in the soft or annealed state. 









paper presented before the Fourteenth Annual Convention of the society 
Butfalo, October 3 to 7, 1932. The author was associated with the 
Spencer Steel Co., Worcester, Mass. Manuscript received July 30, 
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Tempers are designated by terms from “full hard” t 















soft”—numerically from number one (full hard) to numbe: 


VC Of 
six (dead soft) for deep drawing. In more recent years Rocky 
and Brinell hardness tests have been of great assistance to strip ste 


manufacturers in supplying material within close limits of hardness 
General specifications are given in Table I, wherein plasticity is note 


as elongation in a standard tensile test piece. Ductility—so-called 






t 


is a physical property overlooked by many consumers, and may | 


Table I 
General Specifications for Basic Open-Hearth Low Carbon Cold-Rolled Strip 


Minimum 























Tensile 
Arbitrary Strength 
Rockwell Temper Lb. per Elongation 
Temper Hardness Index Sq. In % in 2 In Notes 
Hard B-90 and over l 60,000 Flat work and eas 
punchings. No bends 
Half Hard B-75 to B-90 2 55,000 Min. 5, Max. 20 Easy blanking 
Yt)” bend across t 
grain 
Quarter Hard B-60 to B-75 3 45,000 Min. 15, Max. 39 Medium soft 
Bend 180° acros 
grain, YU with t 
grain 
Soft B-50 to B-60 4 40,000 Min. 39 Bending, formir 
shallow drawing 
180° bend either wa 
of the grain 
Dead Soft Under B-50 5 or 6 40,000 Min. 40 Extra deep drawing 


quality 


determined by one of several ball and plunger testing machines which 
form a cup under known conditions of load and depth of draw 
When he specifies a Rockwell or Brinell hardness value and a cup- 
ping or drawing test, the consumer of strip steel has made known 
his definite requirements. 

Much has been written and said about the limits which should 
be written into various specifications for materials. Much of this 
also applies to cold-rolled strip steel. The hardness range (as de- 
termined by the Rockwell method) considered by the writer to bi 
liberal to both consumer and manufacturer for a given tempe! 
range, is about ten points on the B scale using the 100-kilogram loa¢ 
with ;'y-inch steel ball penetrator on thicknesses of 0.020 inch and 
heavier. Thinner sections should be tested under the 60-kilogran 
load and the hardness range slightly reduced, whether the material 's 
to be used for blanking, forming, perforating, or drawing by full: 
automatic, semi-automatic or manual feeding methods. 
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AGE HARDENING STRIP STEEI 


Table Il 
Aging of Basic Open-hearth Strip Steel 


Rockwell ; 
Hardness at Expected Increase in Hardness 
Time of Rolling 5 Days 30 Days 7 Months 


B-40 to B-50 to 2 units 2 to 5 units 6 to 
RB-50 to B-60 3 to units + to units 7 to 


units 
units 


R-70 to B-80 3 to units + to units 7 to units 
B-80 to B-90 to units 4 to 5 units 5 to 6 units 
B-90 to B-100 to 2 units 2 to 3 units 2 to 3 units 


2 ] 
4 8 
B-60 to B-70 } to 4 units 6 to & units 7 to & units 
4 8 
3 


\lthough manufacturers may adhere strictly to a hardness 
range similar to the above, discrepancies will be noted between the 
hardness readings reported by the consumer upon receipt of the strip 
steel and the testing records of the manufacturer of the same ship- 
ment of material. Incidents of this kind have brought about a more 
common recognition of the phenomenon of age hardening, which the 
writer will now attempt to present briefly for practical application by 
readers interested in the changing physical properties of steel of the 
above analysis. 

\ging is a condition of definite increase in hardness, elastic limit, 
and tensile strength with consequent loss in ductility or workability. 
It occurs during the period the steel is at rest at normal temperatures 
following the completion of cold work. This phenomenon has been 
recognized in many metals and alloys, both after quenching and after 
cold deformation. Many researches have been carried on, both here 
and abroad, to determine its causes and possible control. 

The extent to which basic open-hearth steel, in the form of low 
carbon cold-rolled strip, ages under normal conditions appears to 
cover a considerable period of time, although it becomes noticeable 
about five days after rolling is finished. The results of many tests 
made under standard mill conditions are assembled in a curve (Fig. 
1) and in Table II. The curves show the average increase in Rock- 
well units; the data include all tests for periodic increase in hard- 
ness taken at various times during the past two years. The table 
indicates the expected increase in Rockwell hardness units within 
definite periods. The samples were taken during the production of 
various thicknesses, and were not control samples for a laboratory 
investigation. This method was used to secure averages which would 


Ba te: decane Ree . ° . 
¢ applicable to general mill practices and which would not be depend- 
ent 1 


upon any particular type or method of cold rolling procedure. 
'ests on annealed material are erratic. Some aged only slightly 
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within one month and showed a marked increase thereafte; 
annealed material followed the same general increase as mediy; 


pers, although the increase was much slower. 


The greatest amount of aging was found in tempers of 


well hardness B-50 to 80; increases of some samples reached 


Hardness Units /ncrease 











Rockwell Hardness, 8 Stele 


Fig. 1--Increase in Hardness Due to Aging of Low 
Carbon Strip Steel, Cold-Rolled by Commercial Mill Practice 


11 points on the B scale during the seven-month period. Harder 
tempers, B-80 and higher, seldom hardened more than 5 or 6 points 
during this period of time. 

Some rather interesting additional observations have been mad 
during these tests which, although known to science for some tim 
have not been given general recognition. While annealed material 
appeared to age more slowly and with erratic results, when subjected 
to a “pinch pass” (very slight reductions of 0.0005 to 0.001 inch 
depending upon the thicknesses being worked) this material is sub 
ject to moderate aging. It also appears that the speed at which the 
aging takes place is related to the amount of cold work in reduction 
from the annealed condition. The rate of aging is larger in som 
tempers—aging requires more time for the harder tempers than fo! 
the softer tempers, and the soft and medium tempers age to a greate! 
extent within a specified time. 





AGE HARDENING STRIP STEEI 


parently, cold working in various degrees intensifies or 
is the practical evidences of aging, within limited periods. If 
d strip 0.020 to 0.060 inch thick is reduced 0.002 inch by cold 
aging becomes more rapid and pronounced. This probably 
ts for the similarity of aging in the soft and medium tem 
[f the material in the annealed state has a Rockwell hardness 
hove B-50, the annealed hardness does not influence the aging which 
readily responds after cold working. Most material in these tests 
id an annealed hardness under Rockwell B-45 (many under B-40) 
vhich accounts for the great increase in hardness of the medium 
npers after prolonged periods of rest. (All tests recorded in the 
8-40 to B-50 hardness range have been subjected to cold working. 
[he hardness ranges above B-50 are developed by varying amounts 

reduction by cold working. ) 

Several hard samples of cold-rolled steel of medium and high 
irhon content (approximately 0.60 and 0.90 per cent carbon) were 
lso tested and found to age harden only to a slight degree, say 1 to 
} points, and then only after at least one month at rest. 

It has been recognized for some time that age hardening may 

accelerated by subjecting the material to temperatures of 200 to 
000 degrees Fahr. For practical application, immersion in boiling 
vater from 15 to 30 minutes will indicate the extent of aging for one 
two months under normal conditions of material at rest. 

Several theories have been advanced by scientists to explain this 

Harder E phenomenon of aging. Aging or seasoning is evidently a property 
6 points & possessed by many metallic alloys. Duralumin is a conspicuous ex 


mnie 
LIT TP IG 


Perhaps the most widely accepted explanation is known as 


le precipitation hardening theory, which postulates a supersaturated 


] 
OWT 
t 


tion retained at room temperature from which particles gradu 


Pen made 
me time 
material 4 ally precipitate, causing an increase in hardness. The theory agrees 
subjected ® with the more recent iron-carbon equilibrium diagrams, which show 
1 inch § aslight solubility of carbide in alpha iron from room temperature 
4] is sub = ‘0 approximately 1700 degrees Fahr. This theory has been strength- 
vhich the ened by investigations on hardness changes in quenched low carbon 
reduction ; steels, although conflicting opinions exist as to whether the precipita 


tn 
() 


small particles causes hardness, or whether hardening is due 


in some 


than for ‘0 a rearrangement of the space lattice resulting from the precipita- 


a greatel 


effect of carbon on the age hardening capacity of steel has 
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received considerable attention. Low carbon steels contai: 
proximately 0.0025 per cent carbon appear to age only to a n 
degree after cold working. Steels with intermediate carbon contey 
up to 0.14 per cent have been reported to age in varying amount 
consistent with the increased carbon. 

Others believe that the oxygen content, either as oxides or dis 
solved oxygen, has a determining influence. Developments in scien 
appear to show that an increase in the oxygen contained in low car 
bon steel enlarges the area in the iron-carbon equilibrium diagra; 
within which carbide is soluble in alpha iron. This lends furthe; 
evidence to the theories of precipitation hardness. Nitrogen, copper 
and other elements have also been suggested as exerting a possib| 
influence on the extent of age hardening in low carbon steel. ( 
siderable evidence has been produced to substantiate the abo 
theories, although definite agreement as to the causes of age hard 
ness has, to the writer’s knowledge, not yet been secured, as much 
research in this field is yet to be completed. 

In concluding this brief discussion of the ability of low carb 
steel to change in physical properties following cold working, 
should be apparent that specifications for cold-rolled or cold draw: 
material of a carbon content under 0.15 per cent should make alloy 
ances for aging or seasoning. With the increasing amount of | 
formation becoming available on the subject, slight changes in hard 
ness, tensile strength, elastic limit, elongation and yield point maj 
be determined with more accuracy. Greater recognition should | 
given to the changed properties of this type of material at the tim 
of further fabrication, rather than at the time of manufacture, si 
the consumer usually has the most information concerning the amour! 
of workability which this type of steel should possess. 











































| \UTOGRAPHIC STRESS-STRAIN CURVES OF 
mIng aj ) DEEP-DRAWING SHEETS 


nN content By Reip L. KENYON AND Rosert S. BURNS 
Abstract 


A description 1s given of the design and manipula 


In sci : 
n of an autographic apparatus for drawing stress-strain 
lOW Car : bop mile sbecimens Se ii 
wves for sheet tensile specimens. A_ Special curv 
Magrat neasuring ruler and its use is also described. Tensile 
S Turthe stress-strain curves obtained with the new autographi 
nN, copper ittachment are shown, some of which give an experimen 


confirmation of the theory that the sharp yield point 
mild steel is related to stretcher-straining. A method 


pe ha developed for computing the depth of the stretche 
he ab strains from the amount of elongation through the yield 
age hard point. Curves are given for sheet material that has 
as much received various percentages of cold rolling. True stress 
urves have been constructed from autographic stress 
carh strain curves of sheet samples and these are dise ussed 
hrie fly. 
rkin; [he stress-strain curve is shown to furnish conside 
ld draw thi information concerning the behavior of dee p-drawing 
ike allow sheei material in addition to that obtained from the ordi 
nt of it nary tensile test. The yield point elongation and the 
ak. miform elongation are specific examples of significant 
Bs dues that can be determined only from accurate auto 
yoint 1 raphic stress-strain curves. 
shou 
the tim INTRODUCTION 
ure, si 
1e amount te of the most commonly used methods for measurement of 
the physical properties of metals is the tensile test and it 1s, 
therefore, quite natural that it has been applied to the study of sheet 
etal for drawing purposes. While several papers (1),* (2), and 
2) | 


lave been published on the tensile testing of sheet metal and its 
pplication to deep drawing sheets, reliance has been placed solely 


the numerical values obtained from the test, that is, the yield 


1erals appearing in parentheses pertain to the references appended to this 


- _ A paper presented before the Fourteenth Annual Convention of the society 
m ‘eld in Buffalo, October 3 to 7, 1932. The authors are members of the society 
mB and a respectively, supervising research engineer and research engineer of 

the American Rolling Mill Company, Middletown, Ohio. Manuscript received 


1932 
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point and the tensile strength, and the per cent total elongati 



















on some definite gage length (generally two or eight inches ) 

I-xcept tor the work of several investigators on heavy 
machined-round specimens, there has been little work don 
actual interpretation of the stress-strain curves obtained in t! 
test; numerous papers have been published, (4), (5), (6), 
(7a), on this subject, but none of them have dealt with str 
curves of thin sheets tested in tension. Crane (8) has appl 
theory developed by Sachs (9) and other German investi; 
the study of the deep drawing problem, but has published no exyy 
mental stress-strain curves on sheets. 

Stress-strain curves of sheet specimens are similar in app 
to those of other shaped specimens of the same material 
eeneral characteristics of such curves are described in most 
on strength of materials. While it is possible to construct sti 
strain curves by plotting corresponding values of the two vari 
point by point, it is much more satisfactory to use an autographi 
corder which will draw a continuous curve. Only by the latter me 
can the more minute and in many ways the more important featu 
of the curves be obtained. For this purpose various forms 
paratus have been devised; in general, however, these are so trou! 
some that for the majority of tensile tests made at the present 


stress-strain curves are not drawn, but merely the yield pon 












sile strength, and per cent elongation are determined. stem 

There are many difficulties involved in making autog ves 
stress-strain curves on sheet tensile samples; these are particul 0! 
severe if the autographic device must be simple enough in ope: SE 
to be useful in routine testing. In attempting this, the authors fou the 
the regular extensometers not sufficiently accurate and according tal d 
developed new extensometers and a special technique for drawing | 
accurate stress-strain curves. From a study of such curves ept tl 
been possible to work out derived values which are thought to ha gth 
some usefulness as measures of drawing quality of sheet material ne 
This paper describes the special equipment and the technique whic! sung 
the authors have developed, and includes some interpretation 01 th 
curves obtained. rt 


DESCRIPTION OF STANDARD EQUIPMENT 





An Amsler hydraulic universal testing machine was used 
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work, principally because of its adaptability to the use of 
sraphic attachments. This machine comes equipped with a re- 
lrum and a pen arm directly connected to the load-measuring 
‘ce (pendulum dynamometer). The pen arm plots the load in 
is and the rotation of the drum plots the deformation in inches. 


he load and deformation scales can be varied independently within 
limits. The rotation of the drum is accomplished by means 


rd which is connected either to the moving head of the machine 





Curves Drawn with Heads of Testing Machine Acting as Extensometer 
Curve A Drawn with Standard Extensometer and Curve B Drawn with 


rl \ <tensometer. 
F Curves Drawn with Screw Extensometer at Various Magnifications as 

o an extensometer which clamps on the specimen. In the first 
ent ti! = method the head moves a greater distance than the sample elongates 
‘int. 1 © due to the pulling-in of the wedges and the taking-up of slack in the 
system. This causes the curves to be too long. Fig. 1 shows two 
ograp! = curves drawn by this method, and it will be seen that the elastic por- 
“ticular ® tion of the curves is not the straight line it should be. All parts of 
erat ® these curves are inaccurate, however, because the elastic deformation 
rs four ® of the entire straining system of the testing machine is added to the 

-ordine — total deformation of the sample. 
drawing The second method employs the same principle as the first, ex- 
os it has ; cept that the movement is taken between the two ends of the gage 
to har = length of the sample instead of between the two heads of the ma- 
naterials — chine. This is accomplished by a special form of extensometer con- 
4e whic! ™ sisting of two parts which clamp onto the two ends of the gage length 
n of tl S Ol the specimen and which are so constructed that they are pulled 


Nar®r 
Git 


as the sample elongates. In this arrangement the cord is 
lastened to the upper clamp and passes over a pulley on the lower 

ne, and then, after passing over suitable guide pulleys, is wrapped 

the recording drum on the dynamometer. A weight on the 

= * p ‘ower end of the cord keeps the tension as nearly constant as pos- 
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DESCRIPTION OF NEW EQUIPMENT 






















































the magnification can be varied over a wider range. 
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sible, although the elastic stretch of the cord is one source o{ 
\s the sample elongates the cord is pulled and the drum 
Ixxperience has shown that this method also leads to i: 


curves, curves which are generally too short. This may be du 


point is always found to be greater than the curves indicate, and + 


that curve (A) was drawn with this type of extensometer and cu 


(B) with the wedge extensometer, which will be described late: 


\fter drawing a large number of curves with the ordinary ey 


development of two different instruments, which have proved t 


other point of difference between these two new instruments and 1 


ly) except that it is made for 2-inch gage length specimens and tha 








difhculty of getting constant tension in the cord or to the iner 
effect in starting the weights moving upward against gravity as 4] 


sample starts to elongate. At any rate, the elongation at the yj 


total length of the curves is therefore less than it should be. Fig 


shows duplicate specimens pulled under the same conditions excep 


IT Ve 


tensometer, it was apparent that greater accuracy was necessary 
order to study the relationship between stress and strain in the te: 


sile test. Experiments were accordingly conducted leading to th 


capable of producing accurate stress-strain curves on the Amsle: 
machine. With both of these new extensometers, the elongation \ 
the sample is magnified by the extensometer itself and this magi 


fied motion transmitted to the drum by means of the cord. Ai 


i 


standard extensometer is that the cord moves away from the ex 
tensometer, thus allowing the weight to move always downward 
This tends to keep a more constant tension in the cord. 

One of these new extensometers based on the screw principlt 


is similar to one described elsewhere’ (though developed independent 


. 


As the sampl 


elongates the two halves of the extensometer are separated, th 
micrometer follows up this movement and the motion of the cord oc- 
casioned by the rotation of the screw is transmitted to the recording 
drum of the dynamometer. It has been found difficult to design this 
extensometer to get magnifications that are small enough to perm 
the drawing of the entire stress-strain curve on the usual size re- 
cording drum. Its greatest value is in drawing an enlarged portion 
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irve to show the behavior of the material as it passes through 
id point. Fig. 3 shows three curves drawn with this ex 
eter at various magnifications as indicated. 

The most desirable magnification for drawing stress-strain 
rves of an entire tensile test 1s that which produces as long a curve 
be drawn in one revolution of the recorder drum. With the 
dard Amsler equipment the best magnification for specimens ot 
nch gage lengths is 10 times. The extensometer shown in Fig. 4 
vas finally developed for drawing the entire stress-strain curve and 
ndeavors for patent protection on it are being made. In principle it 
‘< similar to the screw extensometer, for it also measures the move- 
ent between the two parts of the extensometer which are fastened 
to the two ends of the gage length. It differs from the former in 
that a wedge takes the place of the screw. This wedge works between 
srooved rollers on the two halves of the extensometer in such a way 
that it is constantly in contact with the rollers. A weighted cord 
passes around the recording drum and is fastened to the small end 
of the wedge which moves forward as the sample elongates, since the 
weight on the end of the cord keeps it constantly in contact with the 


rollers on the two halves of the extensometer. 


MANIPULATION OF WeEbDGE EXTENSOMETER 


In order to draw accurate stress-strain curves it is necessary 

}use the proper technique as well as the proper equipment. ‘The de- 

scription of the technique will be limited to that which has been de 

wilwal veloped for using the wedge extensometer with the Amsler testing 
machine. 

poems Special self-aligning wedge grips, such as those developed by 


KX. L. Templin, should be used in order to insure uniform loading of 


the samples. A piece of paper is placed on the recorder drum, the 


zero position of the pointer adjusted, a specimen placed in the grips, 


the extensometer attached, and the cord*® run over the pulleys in the 
| ; 


cord oOc- 


ecording 


oper manner. The specimen and grips are turned (this applies to 


lemplin has recently (American Society for Testing Materials 1932 Preprint 
esented at the Thirty-fifth Annual Meeting, June 20-24, 1932) described an 


utogr iphic extensometer for obtaining load-strain curves at strain magnifications 
+00 to 16,000. 


mportant that the cord be of a weight and quality that will have the least stretch 
found that a fish line of the following specifications is satisfactory: Shakespeare’s 
se braided, super waterproof, super silk casting line Test 30 pounds Made 
eare Company, Kalamazoo, Michigan 
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Fig. 4—Wedge Extensometer Developed for Drawing Entire Stress-St; 
of Sheet Specimens. 


the Templin grips) so that the cord and the wedge are direct] 


line. The crank on the lower cross head is now turned slightly a 


a small load applied to the specimen. This is to set the grips on t 


sample and should be only about 100 pounds, except that in no cas 
should it exceed 50 per cent of the yield point load. Care shou 
be taken to see that the tension in the cord is correct, i.e., that it 
the same at the start as it will be during the test. The cord shou 
not be pulled too hard because the 10:1 leverage of the wedge ma 
spread the two halves of the extensometer on the specimen. A Barch- 
Payzant No. 7 or 8 lettering pent is much better than a pencil 
recording the curves and should be supplied with a small amount 
of Higgins’ Eternal Ink which does not dry in the pen as rapid! 
as Higgins’ Waterproof Ink and seems to work much better. Thi 
extension arm on the pendulum (which moves the threaded rod « 
which the pen is fastened) is held back with the left hand until t! 
pointer on the scale reads zero. The pen is then lowered to the pape! 
with the right hand, the left still holding back on the pendulum. T! 
right hand gradually opens the needle valve to the proper point { 


‘Manufactured and sold by Keuffel & Esser, New York City 
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red rate of strain below the yield point (10). Simultaneous 
opening of the valve and the beginning of loading, the left 
hould allow the gradual release of the pendulum. If this 1s 
done, the pendulum will not surge, but the load will be 
up gradually, as indicated by a regular advancing movement 


pointer on the dial. Otherwise, the pendulum will surge and 





Fi y 


Drawn 


30.700 
28.300 5. ) $3, 418,700 
10.950 j 6 $000 


U.60YvU 


ne of the surges coincides with the yield point, the indicated 
recorded value for this quantity may be considerably in error. 
\s soon as the load begins to rise again after the yield point is 
ssed, the valve should be opened to the proper setting for the 
rate strain to be used above the yield point (10). This should 
ne rather slowly in order to minimize any irregularities in the 
lue to change of speed. 
Uifferent specimens will show wide differences in their elonga 


S 


nd their curves will therefore occupy spaces of varying size 
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on the paper ; the number that can be drawn on one sheet 
fore vary somewhat. One of the important points on the 


curve is the maximum load and the spacing of the 
should be such that they do not overlap or 
In such a way 


ST! 
CUrVeS On 1 
intersect near 


as to obscure it. This is especially try 


— Johnsons Elastic Limit——— 
— Upper Yield Point—— 


—lower held Point-——— 


We 
| 

< 
§ 

™N 

3 

8 
S 

g 


Strain 


Fig. 6—Illustration of Definition of Pro 
portional Limit, Johnson’s Elastik Limit, 
Lower Yield Point, and Upper Yield Point 

PI 


uniform elongation is to be measured. Fig. 5 is a reproductior 
five stress-strain curves as drawn with this extensometer. Tabl 
gives the total elongation values obtained from the measuremeit 
the samples and the curves and it will be seen that these check witl 
the accuracy with which the gage length of the samples can be meas 


ured, and furnish a verification of the accuracy of the extensomet 
DEFINITION AND DETERMINATION OF VALUES 


Before discussing the interpretation of the stress-strain cur\ 
it should be pointed out that when such curves are drawn autograp! 
cally, they have no standard scale for unit stress due to the variatio 
in cross section of different test pieces. This makes it difficult t 
compare curves from samples of different cross sectional area. Direc! 
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Upper and Lower Yield Point and in Yield Point Elongation. 
omparisons can only be made of curves obtained from samples of 
*VIT VPS the iT) > “T 744 — <4 : , 1 
n cur me same cross section. Che principal value of the stress-strain 
togra curve lies in the representation of the relationship between load and 
varia elormation rather than actual numerical values of the load. The 
fficult ec pont and tensile strength are computed in pounds per square 
Dire c] 


irom the load readings taken from the indicating dial of the 
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such values. 


load readings, but this is of secondary importance. 


[TRANS 


TIONS 





OF THI 


machine and it is not the purpose of the stress-strain curve | 


\ccurate curves can be used for checking ba 


There is considerable confusion in both verbal and wy 


cussions of the tensile test in the proper use of the terms 


tional limit, elastic limit, yield point, Johnson’s limit, et 


the reader is referred to standard text books on strength of n 


and in particular to the A.S.T.M. Tentative Standards, 1930, | 


(E6-30T ), 
different quantities are shown graphically in Fig. 6. 


limit and Johnson’s limit require elaborate and accurate instrument 


for a complete discussion of these definitions 





The proport 


for their determination, and it 1s only the yield point that is 


mined in commercial testing. 


break in the curve corresponding to the yield point while others s 


Some materials will show a very 


a gradual transition from the elastic to the 


quickly from the “upper” yield point to some lower value 


yield point) at which most of the yielding takes place 


plastic State. 


dete 


\\ hen t 
is a definite yield point, it sometimes happens that the load droy 


Considet 


work has been done on this by several German investigators, 


it seems to be the censensus of their opinion that the “lower” 


point is characteristic of the material while the “upper’’ yield 


depends upon testing conditions. 


this out, for samples cut side by side may show considerable variatioi 
in “upper” yield point, but will generally show good agreement 


“lower” yield point. 


sidered the more useful value. 


is considerable difference in the way this lower yield point occ 


For the sake of uniformity, it is necessary to agree upon the partic 


lar point to take. In 


Bach (4). who defines it as “‘the smallest value of stress to whi 
the load sinks during stretching or 


stretching proceeds.”’ 


this 


we 


Our own experience seems to b 


have 


4 


followed 


the smallest 


ig. 7 shows that 


the rule ety 


load under 


e 


In any event the “lower” yield point is « 
A study o 


r) 
I 


1 
WIIllt 


Bach has given examples of the application 


this rule by marking upper and lower yield points on a numbet 


curves in his published work. 


have been selected from a large number actually drawn on our Ams 


machine. 


The upper yield point corresponds approximately to that dete! 
mined by the drop of the beam in the lever type machines and sine’ 
the A.S.T.M. and some other specifications define the yield pot 
as the drop of the beam, the upper value is the one that should | 


The typical curves shown in this paper 
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red when the material is being tested to see if it will meet 


is. 42. CS. 


ecifications. In some cases, illustrated by curves | 
there 1s really no upper yield point and the value should be 

| as lower yield point. 
d-worked material shows a more or less indefinite yield point 
ending on the kind and amount of cold working. There is no 
method of defining it in such cases for, as a matter of fact, 
ere is no yield point. It has proved useful, however, to set an 
rary amount of strain for the location of the so-called yield 
of such material. Various investigators have used different 
unts varying from 0.1 to 1.0 per cent elongation. It is necessary 
letermine this graphically from the stress-strain curve and the 
ile of the curve therefore has to be considered. For the scale we 
ve used the best value has been found to be 0.5 per cent elonga 
n. This is easily measured trom the curve with a special cellu 
| scale, the use of which will be described later. In some materials 


have a very sharp yield point, there may be a sudden surge 


he pendulum at the beginning of yielding and a correspond 
fall in the load to an abnormally low value followed by a rise 
some higher value which is more or less constant throughout the 

ielding. In such cases the momentarily low value should not be 

ken as the yield, but rather the rule to follow is that there must 

be a definite deformation. 

from this discussion it will be seen that the following types 


yield points have been distinguished : 


j 


pper Yield Poimt is that stress at which yielding begins. 

Lower Yield Point is the smallest value of the stress to which 
the load sinks during stretching or the smallest load under 
which stretching proceeds. 

U.9 Per Cent Yield Point is the stress corresponding to an elon 
gation of 0.5 per cent of the gage length as determined 

from the stress-strain curve. 






lhe percentage elongation generally referred to in connection 
ith tensile tests is the per cent elongation after fracture; this 


F 1 } se 7 ’” . rt . 
: the “total” elongation. There are two other elongation values 








are considered significant, the “yield point elongation” and 
(he “unitorm elongation.” The first mentioned is the per cent 


eCPlONnonty 


gation which is necessary to pull the sample entirely through 
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Fig. 8—Special Scale for Measuring the Stress-Strain Curves Showing thx 

sition for Measuring the 0.5 Per Cent 7" Point, which in this Cass 

Fig. 9—Inset Showing Deter rmination of Yield Point Elongation 

Fig. 10—Inset Showing How Uniform Elongation is Me 

Cent 

the yield point and this, of course, can only be determined 
material which has a sharp yield point and, furthermore, it 1s 
necessary to take this value from the stress-strain curve | 
uniform elongation is the amount of stretch which the sample und 
goes up to the instant that local contraction starts. It has bee 
shown (6) that up to this instant the elongation is uniform ove! 
the entire gage length. The elongation corresponding to this 
can best be determined from the load-deformation curve (10). 


SPECIAL SCALE FOR MEASURING STRESS-STRAIN CURVES 


In order to make these graphical measurements of yield poi 
. °° . : : nl has 
elongation and uniform elongation, a special celluloid scale 


been designed and the use of this is shown in Figs. 8, 9, and ! 








Then 
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ists of two parts, the stationary arm A, and the movable arm, 
use it, the base line on the horizontal part of A is placed 

on the base line of the curve to be measured, at the same 

e lining up the right side of the vertical scale on the origin 
the curve. The movable arm, B, can now be moved up or down 
the scale overlaps the yield point of the curve. If this 1s not 
sharp, the 0.5 per cent line on the scale will give the proper point ror 


e 0.5 per cent yield point (see Fig. 8). The fine line down the 





idle of scale B is the reference line and the arm is moved until the 


x= Yield Point Elongstion 






No 

Flongetion 
Through 

kKreld Point 












AS Ae CS Cel fo oF CS &-6 


Fig la—Measurement of Yield Point Elongation Arrows Indicate Amount 
Hot 













s per cent division mark and this reference line intersect on the 
urve (without moving A). The reference line is then followed to 


left to the vertical scale and the yield point value read off in 


















] 


If the material has a definite yield point, the value of the 
load taken for it is not determined graphically as just described, 
Ithough a value so determined will generally agree quite closely 
vith the dial reading. To determine the yield point elongation on 
specimens showing a definite yield, the horizontal scale on B 1s 

ved until the reference line and the graduations line up with the 


int at which the curve begins to rise again after passing through 


1 
th 


he yield point. The corresponding per cent elongation is recorded 
as the yield point elongation. This scale on B is marked to read 
irectly in per cent elongation on a 2-inch gage length when the 
ngation is magnified 10 times. Fig. 9 shows the use of the 
scale for making this determination. 
Fig. 10a shows the yield point elongation on several types of 
irves. The general rule is to consider this complete at the point 
the curve starts upward the last time. 
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The stress-strain curve usually has a portion at the top 


perfectly flat for a short distance. This is where the increas 
strength due to cold-working is exactly offset by the dec 
section due to local necking. The iitial point of this flat 
is the one that determines the uniform elongation. The arm B 
10) is moved until the reference line is tangent to the flat 
of the curve. The elongation corresponding to the point { 
to the left at which the line and the curve coincide is read 
the scale on B. In order to check the accuracy of the extensomete; 
readings and of the curve, it is advisable to measure the total elon 
tion from the curve as well as from the sample. 

The elastic ratio, yield point divided by tensile strength, 
a useful quality factor of sheet material. The yield point valu 
to be taken for this should be the lower value when the materia 
exhibits one, otherwise the 0.5 per cent value. 


INTERPRETATION OF STRESS-STRAIN CURVES 


The interpretation of the stress-strain curve may be made fron 
first, the numerical values taken from it, and second, its shape 
Of the numerical values that can be obtained only from the full 
drawn stress-strain curve, the yield point elongation and unif 
elongation are the most important. The significant features 
the shape of the curves are: presence or absence of a sharp yiel 
point, radius of curvature at transition from the elastic to the plas 
tic state, amount of elongation through the yield point, amount 
of uniform elongation, elastic ratio, elongation from maximum loa 
to breaking point, and total elongation. 

The measurement of the yield point elongation has been 
scribed. This quantity may vary from zero up to as much as 10 pei 
cent according to the treatment the material has received. The | 
portance of this measurement lies in its ability to indicate the intensity 
of stretcher-straining. It has been known for some time that materia 
with a sharp yield point will stretcher-strain and material without 
a sharp yield point will not (1), (11), and (12), but so far as w 
know there has been no demonstration of a quantitative relationsht 
between these two phenomena. This we propose to furnish. 

Experience has shown that of two materials with the same yiel¢ 
point elongation, the one with the smoother surface will stretcher- 
strain the more, and it is therefore necessary to assume for purposes 
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iscussion that the material is of a uniform degree of smoothness. 
test specimen of soft-annealed high-finish mild steel is observed 
the early stages of the tensile test, it will be seen that 
stretcher strains begin to form the instant the yield point is 
and that they extend until they have covered the entire 

llel section of the specimen. The instant that the entire 
lel section is covered, or rather the instant that all the 
trains have “pulled-out,” the load will begin to rise again out of 
vield point portion of the stress-strain curve. This suggests 
the greater the depth of the stretcher strains the greater the 
point elongation will be. This is reasonable since the 
per the stretcher strains the greater the elongation correspond- 
to that amount of reduction of area and the more the material 
ust be stretched in order to pull out all of the strains and re- 
re an approximately smooth surface and uniform cross section. 
hen the specimen has reached the end of the yield point elongation, 
is approximately true and may be assumed for purposes of computa 
n, that the entire gage length has been reduced in thickness by an 
ount equal to the depth of the deepest stretcher strain. The 
luction in thickness and the yield point elongation are therefore 


ited and either can be computed from the other on the assumption 


hat the gage length portion of the specimen remains a prism and that 
he volume is constant. 

[lf A, and L, are the original cross section and length, re- 
spectively and A, and L,, the corresponding values at the end of the 


ield point elongation, then 
[he Yield Point Elongation per inch 


STtD tr 


acting 1 from each side of this equation, 


ba Ao 


etcher- ’ * Ai 


THOSES 
ITPOst 
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the yield point elongation per inch 
A. 


Ay 


Letting to, Wo, t,, and w, represent the original and final thic| 
and widths, 


\y ti W and 


lf the thickness and width may be considered to change ri 
the same amount, 
Wi 


and 
ti 


Substituting in (5) we have, 


to 


th 


Since the change in thickness, A t = t, — t., we can solve (8) fort 


and then substitute /\ t + t, for t, and solve for A t with the follow 


ing result, 


In this equation A t is theoretically equal to the sum of the depths 
of the stretcher strains on both sides of the sheet. This result has 
been obtained on the assumption that both the width and the thickness 
decrease in the same proportion, i.e., if the thickness decreases on 
per cent, the width will do likewise. This probably holds for on! 
relatively small values of w/t, such as for tensile test specimens 
On large drawn parts the proportional change in the width is likely 
much less than proportional to the change in thickness, and the yield 


point elongation in such a case is nearly all accounted for by reduc- 


tion in thickness. If the width is considered to remain constant and 
the thickness to decrease in proportion to the elongation through th 
yield point, another relationship holds between these quantities. This 
is expressed by the equation: 
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uations (9) and (10) represent extreme limiting conditions 
t relationship. It is important to note that the value ey», 1n 
(10) must be determined on the wide piece which has been 
to suffer no change in width during the yield point elonga- 
This leads to the now obvious conclusion that the e,». value 


equation (9) will be greater than that in (10) due to the fact 


Fiz. 11—Relationship Betweet 
Point Elongation and Depth 
Stretcher Strains 


on the narrower piece the elongation is due to decrease in 

both width and thickness. The relationship between t and ep 

is shown in Fig. 11 according to both equations for sheet of 

0.044-inch thickness. The value e,.. is different for the two equa- 

ade thee ns, 1e., if a regular test piece is used to determine e,,, this value 
ickness cannot be used in equation (10). 

\ctual tests confirm the relationship between yield point elon- 

gation and severity of stretcher straining. Fig. 12 shows five stress- 


strain curves which have different amounts of elongation at the yield 


1 int 
ON 


\ duplicate sample was cut adjacent to each of the specimens 
irom which the curves were made and these were pulled in the test- 
ing machine one-half the amount of the yield point elongation of the 
companion samples. The surface appearance of these pieces is shown. 


| . . - - 
he yield point elongations measured from the five curves are as 


tollows: (A) 9.0 per cent, (B) 3.5 per cent, (C) 1.6 per cent, 


) 1.0 per cent, (E) O per cent. It will be seen that the stretcher 


are most severe on (A) and least noticeable on (D), while 
; entirely free from them. 


study of the minute details of the stress-strain curves reveals 





PFRANSACTIONS OF THE 


Fig. 12—-Five Stress-Strain Curves which Have Different Amounts « 
at the Yield Point The Surface Appearance of the Test Piece is also Show: 
Curve The Yield Point Elongation Measurements from the 5 Curves are 
A 9 Per Cent: B 3.5 Per Cent: C 1.6 Per Cent: D 1.0 Per Cent: 
Per Cent 


how taithfully they record the behavior of the metal during the tes 


When numerous fluctuations occur at the yield point, it is found t 


these are coincident with the formation of the individual stretcl 
strains or groups of them. In some cases the stretcher strain 
form at the ends of the parallel section due to stress concentrati 
at the shoulders, progress uniformly toward the center of the gag 
length. In this case the curve is fairly smooth through the yi 
point, but shows a dip before the load rises again (see Fig. 13 
This final dip occurs when the two stretcher strains or set 
stretcher strains meet or overlap. 

When the first stretcher strains occur entirely outside ot 
gage length, there is no corresponding elongation recorded on t 
curve, but the drop in load is registered and produces the resull 
shown in Fig. 14 at point (A). An inaccurate extensometer | 
frequently produce curves having this characteristic, but even 
accurate one will occasionally give this kind of a result from t 
cause just mentioned. 























hickness never decrease below a certain minimum value. 
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significant characteristics of the material may be recognized. 


STRESS-STRAIN 





fig. la 

Stress-Strain Curve Which Has Dip at the End of the Yield Point 

Due to the Meeting of Two Sets of Stretcher Strains 
14—Stress-Strain Curve When First Stretcher Strain Occurs Entirely Outside 

Gage Length 

16—Curve A Shows Practically no Elongation from Maximum Point to Frac 
nt; Curve C Shows Long Flat Portion at Maximum and Considerable Elongation 
s Point to Fracture; Curve B Shows Less Elongation from Maximum Point to 

t Breaking Load is Much Less Due to Tearing of Sample 


In the case of most stampings it is desirable that the metal 


This re- 


ment is based on both the physical strength and the surface 


The capacity of the material to withstand severe draws 


17 


ut local reduction is measured by the uniform elongation. 





Fig. 15—-Stress-Strain Diagram for Cold-Rolled Material 
Ranging from No Cold Work to 92.5 Per Cent The Higher 
the Amount of Cold Rolling the Sharper is the Radius of 
Curvature at the Transition from the Elastic to the Plasti 


State. 


‘rom the general appearance of the stress-strain curve a number 


Soft 


aled mild steel shows a sharp yield point which disappears if the 


The amount re 


With higher 


ial is given a sufficient amount of cold rolling. 


varies somewhat from one lot of steel to another. 
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Fig. 17—True Stress Curve for Armco Iron. 0.505 Inch Round Specimen. Plott 
trom Diameter Measurements made 


During the Course of the Test 
Fig. 18 [rue Stress Curve for a 19 Gage Armco Iron Sheet Plotted from 
Section Measurements made During the Course of the Test 


Fig. 19—True Stress Curve tor an 18 Gage Armco Iron Sheet Plotted f{ 
Autographic Stress-Strain Diagram by Computing Reductions from Elongatior Uy 
Uniform Elongation.) 


amounts of cold rolling the radius of curvature at the transition fr 


nN 
ra) 


the elastic to the plastic state is a rough indication of the amount 
of cold work the material has received. The higher the amount 
of cold rolling the sharper the curve at this point. This is shown 
in Fig. 15. When the autographic stress-strain curves are drawn 
with the equipment that has been described, the reduction in load 
beyond the “maximum”” is faithfully recorded even to the point of 


fracture. This makes it possible to determine the breaking load, 


which is of some value in plotting the “true-stress” curves to be de 
scribed presently. The appearance of the curve from the maximum 
load to the breaking point gives some idea of the reduction of area 
at fracture although this is only relative. For example, curve (A 
in Fig. 16 shows little elongation from the maximum point to frac 
ture and the sample actually had practically no reduction of area 
Curve (C) shows a long flat portion at the maximum and con- 
siderable elongation from this point to fracture. This sample had 
about seventy per cent reduction of area at fracture. Curve (B 
has less elongation from the maximum load to the break 
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but the breaking load is much less. This is sometimes the 

of a tearing action at the fracture which causes one side of 
specimen to rupture before the other and the load is gradu- 
released before the sample is entirely broken or, rather, torn 
two. The sloping line down to the breaking point is an in- 
lication of this behavior. The characteristics of the curves just 
leccribed cannot be used to give more than a rough indication 
¢ the reduction of area, but the point is worth remembering when 


examining curves for material of widely different properties. 
TRUE-STRESS CURVES 


In the ordinary tensile test, the stress is always computed on the 
basis of the original area, but for certain theoretical reasons it 
sometimes is desirable to determine the true stress, which is based 
on the minimum cross sectional area. Methods for constructing 
these true-stress curves can be found elsewhere (9), but it may 
be said briefly that they consist in measuring the minimum cross 
sectional area of the specimen during the test. To do this it is 
necessary to use a specimen which lends itself to such measurements. 
Obviously a round piece is better than a flat sheet specimen and for 

iis ens — this reason it 1s more difficult to prepare true-stress curves for 
eentent > sheet material than for round bars. When round bars are used 
oro and actual measurements are made in the manner mentioned, the 


— resultant curve has the appearance of Fig. 17 which is a test on a 


» ieee 0.505-inch round bar of Armco ingot iron. Point A corresponds to 


the end of uniform elongation where necking begins; point B is the 
breaking point. All values of reduction of area up to Point A can 
be computed from the elongation, on the assumptions that were made 
in computing depth of stretcher strains from yield point elongation. 


| sino 


ng the same notation as in equations (1) and (2) and letting q 


equal the per cent reduction of area, and e the per cent elongation, 


we have. 


a? .« wo (I+e) (11) 


(a2 


and q 
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This enables us to plot a true-stress curve from ft! 
strain curve up to the point where necking starts and this : 
therefore be easily done on sheet samples. The point on 
stress curve which is considered to be of greatest significat 


ever, is C ( ig. 17), where the curve should theoretical 















the 100 per cent reduction of area line. Of course such 
reduction of area is never attained, but the true stress cor 
ing to this point is called the “extreme stress” and is cor 
by some to be an indication of the total inherent strength 
material if it could be completely utilized. Theoretically thi 


treme stress” should be exactly twice the true stress at A 









furthermore the tangent to the curve at A should pass through | 
The angle a which this line makes with the horizontal 
measure of the rate of strain hardening. The steeper this 
more the material hardens up with a given amount of cold 
Iextended theoretical discussions of these true-stress curvy 
be found (9), but these are almost exclusively confined to resul 
round bars. Crane (8) has applied the theoretical analysis 
such curves to the deep-drawing problem, but in the absence 


published data on true-stress curves for sheet specimens has, 





necessity, been forced to base his studies on the assumpti 


that true-stress curves for sheets will resemble those on 










bars. The principal difficulty in obtaining these curves on. sh¢ 
is the accurate measurement of the cross section during the test 
Sachs (9) has given an approximate method of determining th 

of the line AC (Fig. 17) by computing only two points: — the 
stress at the point where necking starts and the _ true-stress 


fracture. ‘There is considerable evidence, however, to show 










point B is nearly always above the line AC and it can be seen 
Fig. 17 that if the slope of AC were determined by point B that | 
would fall much higher (at C'). This is the weak point in 
method and yet it 1s about the only one that can be used 
cross section cannot be measured during the test. 

\nother question that arises in the use of true-stress cu 
is whether the slope of AC or AC? is the proper measure of rat 
work hardening. In some cases there is quite a difference in 
two values. As a matter of fact neither line actually represet 
the behavior of the material; only the curve, which must be plott 
from data obtained from actual measurements, portrays the real ral 


of hardening. For these reasons it would seem that the approximat 
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; that have been suggested for obtaining true-stress curves 
easurement of rate of strain hardening are subject to such 
rors that their value is questionable. “two other true-stress 
for sheet samples are shown in Figs. 18 and 19 and illustrate 
lifficulties mentioned. Fig. 18 was drawn from instantaneous 
elongation, and cross section measurements made during the 
of a specimen of 19 gage Armco ingot iron sheet. The 
tion between the extreme stress values obtained by the two 


ds 1s seen to be reversed in the case of Fig. 18. The solid 


> 


is plotted from the reduction of area measurements while the 


1 
| 


tted line up to the point A is from reductions computed from the 
easured elongations. In Fig. 19 the autographic stress-strain curve 
|8-gage Armco ingot iron sheet furnished the elongations up to 
maximum load which were converted into reduction of area 
ues by the use of equation (13). The true stress at fracture was 
then computed and line AB drawn and extended to C’. Point C is 
located at a true stress twice that at A. The same remarks apply to 
s curve as were made in connection with Fig. 17. The only thing 
the accurate autographic stress-strain curve has contributed to 

his study is greater ease in constructing curves like Fig. 19. From it 
uniform elongation can be readily determined and, if desired, the 
reaking load also, so that point B can be located. The latter is un 
necessary, however, 1f the slope of the work hardening line is taken 
ngent to the curve at A. In this case it is not even necessary 


the curve since the relationships can be determined 


is the original cross section 


the maximum load 

the uniform elongation 

the reduction of area at the uniform elongation 

the true stress at the uniform elongation 

the true stress at 100 per cent reduction of area 
tan a 1s the slope of line AC (| Hig, 19) 
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we have 





(Tensile Strength) . (1+eu) 





The determination of the uniform elongation from the ac 
stress-strain curve, therefore, considerably reduces the amount oj 
work in computing tan a. The interpretation of the values so o| 


tained must rest upon the results of further work.° 


SUMMARY 






It has been shown that special equipment and technique ar 


necessary in order to obtain accurate stress-strain curves for thy 






tensile test. Both have been described and examples pr 
sented to indicate the various types of curves obtained on mil 
steel deep-drawing sheets. The significant characteristics of th 


curves have been discussed and a _ special scale described 





measuring certain features. Experimental results confirm the pr 












viously stated theory that stretcher strains and a_ sharp yiel 
point are related and show that the greater the amount of elonga 
tion at the yield point the more severe the stretcher straining. I: 
creasing amounts of cold rolling cause a decrease in the radius 
of curvature at the transition from the elastic to the plastic por 
tion of the curve. By means of the data obtained from a 
curate stress-strain curves, it is possible to construct the true-stress 
curves for sheet tensile samples, but it 1s brought out in the dis 
cussion of several of these curves that the measures of rat 
of strain hardening as well as “extreme stress’ obtained from ther 


are subject to large errors which makes them of questionable valu 
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‘It can be shown that Sachs’ approximate method of constructing the true-stress 
and the value of tana obtained from it can be arrived at analytically in a mann 
to that shown above. The resulting equation is: 

Ly I 1 





At Au 






Ab A 1 





Ao Ao 





where Ly» and Ap are breaking load and area of fracture respectively, and Ay 
at the end of uniform elongation. 
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DISCUSSION 


Written Discussion: By Dr. Ing. A. Nadai, Research Laboratories, 
tinghouse Electric and Mig. Co., East Pittsburgh. 
[he paper by Messrs. R. L. Kenyon and R. S. Burns is a further valuable 


tribyytt 


ition to the interesting subject of the phenomena occurring in soft steel 
the limit of plasticity is reached; phenomena, which, as the authors men- 
their paper, have attracted the attention of various investigators more 
. particularly in Germany and in England. Although some of the first 

ns with reference to the drop of the yield stress of mild steel are 
‘)-30 years and since perhaps C. Bach has probably first called atten- 
existence of the upper and lower yield points of steel, various other 
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important details connected with the drop of the stress at the upper 


of mild steel have been the subject of investigations more recently 


ticularly worthwhile to mention here perhaps the influence of tl 
the test piece in a tensile test on the drop of stress, the effect of 
or of heat treatment besides cold work and the effects of small st; 
trations (presence of small notches or holes) on the appearances 
ures in plastic materials, questions which have been treated mori 
connection with the subject. 

\ging seems to have a deep effect on producing high upper 
as has been shown by P. Ludwik and Scheu (Stahl wid Eisen, 1925 
raise the upper yield point of certain prestressed and subsequent! 
heated iron or steel specimens even above the ultimate strength. It 
more known that when a material has a well defined or sharp yield 
limit of plasticity) in the tensile test, this leads to an instability of 
equilibrium, the result of which is the formation of a comparativel) 
in which the plastic deformation is first localized (slip or flow laye: 
Westinghouse Research Laboratories we became particularly inter 
these things and have investigated them from various sides, also i 
tion with previous observations by W. Koster,” according to which the 
content in steel is the cause of the darkening of the plastically deforn 
by Fry’s etching method. This has been verified by Messrs. C. W. M 
and F. R. Hensel in a paper recently published. 

lhe authors describe the figures, which appear on the surface 
steel specimen, particularly if it has been well polished, just wher 
point has been reached. They call these figures “stretcher straining 
\ closer observation of similar figures produced also under more 
distributions of stress has brought out many interesting details about th 
anism in which plastic materials start to yield. To the writer of th 
they have been of particular interest for many years mainly for tl 
that they can be utilized as a means to make visible the distributions 
while materials are in the plastic state, as has been described by tl 
at various occasions. In England these figures are called strain or 
ures, in Germany they are known as flow figures (Fliessfiguren) 
(Gleitlinien), where a thin layer of the plastically deformed material 
sects the surface of the specimen; while in this country they seem to 
as “Liider’s lines’. It seems to the writer that no particular reasor 
advanced to introduce the name “stretcher straining”, for the same tl 
this less used name should rather be omitted when dealing with st! 
ures OF Luder’s lines. 

It is perhaps worthwhile to mention finally, at least with a word, 
means which serves also to make visible flow figures. This is a slig! 
centration of stress produced in a (polycrystalline) material having a s! 


17 


point, such as mild steel at normal temperature. By means ot small 


‘Das Wesender Aetzfiguren,”’ 
also other papers by Koster 


“The Influence of Nitrogen in Mild Steel on the Ability of Developing | 


) 


Journal of Rheolo: y, Vol. 3, No. 1, January, 1932 
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listinct slip layers can be produced on a well polished specimen ot 
rials hese effects have been described elsewhere by the writer and 
rator, so that further points need not be discussed here in detail. 

Written Discussion: By C. W. MacGregor, Research Laboratories, 
use Electric and Mig. Co., East Pittsburgh. 


pleasing to note that more attention is now being paid in this coun 


‘ 
} 


phenomenon of the upper and lower yield points as exhibited by 
Until recently many engineers considered only the upper yield 
eir specifications of materials. This is probably due partly to the 
he beam type testing machine was formerly used in the great major 


laboratories to the exclusion of the hydraulic type machine which has 


ous equilibrium of its force-indicating device. The latter type machine 
in easier determination of the lower yield point. The writer is also 
25 000 


e nitt 35,000 


30,000 
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Fig. 1 Portion of Stress-Strain Curve for Round 
Tensile Test sar. 


slight « : to learn that the experiences of the authors of this paper seem to fur 

sharp y! ther emphasize that the lower yield stress is the more reliable of the two yield 

all not ies. [he upper yield stress has been shown to be affected by many differ- 
testing conditions. 

e autographic device described by the authors is no doubt a distinct 
nt over the older types. It will be especially valuable for routine 
which too much time would be otherwise required in using an ex- 
of some sort. The older types were mainly of vaiue in giving a 
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qualitative picture of the course of deformation. It is advantag: 


a continuous diagram of the test, especially now that more attenti 


paid to certain portions of the diagrams which until recently we: 


neglected, such as the yield point extension, uniform extension, et 

The drop in load at the yield point for flat test bars such as 
in the present paper is usually not as pronounced as that obtained 
bars of the same material. This has been pointed out by Bach 
his early tests. The stress distribution over the cross section of a 
is more uniform than that in a flat bar and consequently a higher 
will be obtained. A further reason is that a flat bar is always mor 
to center in the testing grips than a round test piece, and consequent 
is often some bending introduced, which prevents the attainment 
vield stress. When various precautions are observed concerning testing 
cedure and design of test pieces, extremely large differences betwee: 
and lower yield points may be obtained. Fig. 1 (this discussion 
portion of a stress-strain diagram recorded by means of a Martens exte1 
on a round bar suitably designed containing large fillets near the h« 
to reduce stress concentration. Readings were taken through a 
the lower yield point. It is seen that a difference of 38.5 per cent 
the upper and lower yield points in per cent of the upper is obtained in t 

\ further point of interest which may be mentioned is illustrated b 
12 of the paper. It is here quite clearly shown that the sharper 
tion from the elastic to the plastic state, the more pronounced will b 
layers received; a conclusion which also confirms the experiments 
the writer some time ago on various mild steels. 

Written Discussion: By Joseph Vinlock, chief metallurgist 
Budd Mtg. Co., Philadelphia. 

I have read with a great deal of pleasure and profit this exceller 
by Messrs. Kenyon and Burns. They have clearly shown the import 
the stress-strain diagram in studying some of the phenomena which tak 
in the deep drawing of sheet and strip steel. Their novel and ingenious 
of obtaining these diagrams and their thoughtful attention to details 
description of it will be of great assistance to those interested in this subj 
In my opinion, this paper marks a significant step forward in out 
toward acquiring a greater knowledge of the properties of sheet and 
steel for deep drawing purposes. 

[ hope these authors will continue their research work in this fi 
will study the effect of certain physical characteristics of sheet and strij 
such as grain size, carbon content, preferred orientation of the crystalline gram 
induced by cold rolling, ete., upon the stress-strain diagrams which 
now able to obtain. 

I should like to congratulate the authors for their constructive paj 
I am looking forward with pleasure to any future papers by them 
interesting subject. 

Written Discussion: By Edward V. Crane, staff engineer, E. W. ! 

Brooklyn, N. Y. 


&. VV. Bach. Z. V. D. L., 
29, 1905, I, 61 
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ithors’ discussion ot equipment and of stretcher strains in sheet metal 
ve a real contribution to gradually expanding knowledge of plastic 
metals 


rtunately the writer is untamiliar with the work of Sachs. In Figs. 


18 we can find no practical significance for the points A, B, C and Cy 
istification for a 2 to 1 relation between points A and 

two figures do offer a most interesting comparison of true stresses, 

one case a round bar and in the other a sheet specimen. A num 

sty f points of similarity and difference are apparent. Using large scale plot 

nos of the two curves, an extension of the straight line sections gives a rate 

us of strain-hardening Sx/1.00, of 93,000 and 99,000 respectively. The 

ce is not great and, with some allowance for the human factor in tak- 


measurements, is probably due to some small difference in carbon or 























een 1 neanese content. 
shows In the accompanying Fig. 2 the writer has replotted both curves to a 
tensomet mmon strain-hardening line. Note that at about the same point, around 
. te :120,000 
yet | & 
S S 
GY) 
( I I » 
S 80,000 
wo 
” &) 
© 
: . ® 40,000 
~ 
g 
, S 
O 
oe O 20 40 60 30 100 
iC li . 
Per Cent Reduction 
a Fig. 2—-True Stress Curves for Armco Iron Sheet 
NA ind Rod Translated Relative to Their Modulus of 
us met ’ Strain-Hardening. 
a ow s /) per cent absolute reduction, all of the (most?) favorably oriented slip planes 
ir progress ve been used up and the stress starts to climb more rapidly as the curves 
aad sti irt from the straight line. In the case of the strip sample a fracture be- 


develop almost at once and the stress drops off until the failure is com- 


s field ai ; t (he curve for the round sample continues to rise more and more rap 

stvin stes to ultimate failure. If the work had been squeezing, rolling or wire draw 

lline grains s ing it might have gone even farther, especially with the aid of generated heat; 
h they at | jailure would probably have developed internally 

Che form of chart shown in Figs. 2 and 3 has been adapted to bring out 

paper all ® ‘he unitormity of the strain-hardening or cold-working process regardless of 

em on this extent of annealing or subsequent plastic working. In practice the junction 

i the elastic and plastic curves, Fig. 2, takes a variety of shapes, depending 

W. Bliss rhaps upon relative direction of previous working. In Fig. 3 the elastic 


igs. 17 and 18 of the paper have been continued to a theoretical yield 
heir junction with the plastic curve. 


se H Fy 


the theoretical yield points and the relative positions of the test 


606 TRANSACTIONS OF THE A. S. S. 

curves on the strain-hardening line it will be noted that the s 
Fig. 18 of the paper, was annealed to a softer and more plastic st 
bar sample, Fig. 17. Therefore the plastic range (between th 
initial yield point at the low limit and the point at which favoral 
slip planes have been used up and the curves begin to rise sharply 


limit) is greater for Fig. 18 of the paper (S: to Ss 59 per cent 
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Unit Stress, lb./5q. In 


40 lz 60 


Fig 3—-Theoretical Curves and Diagrammati 
lations of the True Stress Curves Shown 1 
17, 18 and 20 of the Original Paper 


than for Fig. 17 (S: to Ss 54 per cent reduction). This plasti 
a measure of the cold-working which can safely be 


pertormed upot 
without reannealing. 


The theoretical initial yield point (S: and S:) can be computed 
true stress curve regardless of eccentricities of the test yield point, 
the modulus of strain-hardening (Sx) for the particular analysis is 
Constant temperature should also be assumed as we believe that the 
strain-hardening is less with higher temperatures. It will be noted 
17, 18 and 19 of the paper that a test value of 30 per cent reduction 
in each case upon the straight portion of the test curve and therefore wy 
strain-hardening line. From this the initial yield point Si (or Si Fis 


S. Fig. 17 in Fig. 3) can be computed from: 


or for r 30 per cent 


Methods of arriving at various relative values diagrammatically ar 
Fig. 3 of this discussion. These may all be expressed in simple formula 
the working or test reduction (r) which is possible from an initia: yield | 
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Su Si 
I (4) 
Sx Si 
VC l/ S; » 
( approx. 54%, see line Sx, X, 54) 
Sx » 


imum or final stress for a given reduction (in thickness, crosssection 


shell diameter) 1s: 


S Si + rm (S: Si) (5) 
urve 18 and a reduction ry 50% or 0.50: 
S S, + 0.50 (Ss Si) (see construction, using radial line from 


.. to 50 per cent). 


of these formula 


S Modulus of strain-hardening in pounds per square inch. 
s \ctual unit stress at theoretical initial yield point in pounds pet 
square inch. 
R \bsolute reduction, relative to the origin of the strain-hardening 
ic ra line (per cent reduction expressed as a decimal). 


fest or working reduction, relative to the specific initial yield 


point (per cent reduction expressed as a decimal ). 


t, provi Written Discussion: By R. L. Templin, chief engineer of tests, research 

is kt itories, Aluminum Co. of America, New Kensington, Pa. 

the rat In commenting on this timely paper, it may be pointed out first that the 

ed in | naratus gives load-deformation or load-extension curves and not. stress- 
curves, This distinction should be made in line with the definitions 

re u f of stress and strain occurring in the Standards of the A.S.T.M. 

Fig. 18 (he authors pointed out that one source of trouble with autographic 


nparaty 


tus of the type described, involving the use of a cord, is the elastic 
ch which invariably occurs in such cords. In our own laboratories we 
lso found trouble from the inelastic stretch in such cords. Again, the 
resulting from the inertia of the weights usually attached to such cords 
entioned. These difficulties gave us so much trouble that we decided 
ndon the use of cords in our more recent autographic apparatus, which 
(2 s been described elsewhere.’ 
view of the authors’ statement concerning the errors resulting from 
use of cords, it is somewhat difficult to understand their statement on 
980, second paragraph, wherein they speak of “two different instruments, 


ive proved to be capable of producing accurate stress-strain curves”- 


wed by the next sentence wherein the function of the cord is explained. 
rary to the statement near the bottom of page 580, it has been found 
( practical to design autographic extensometers that will give any mag- 
18] t 


“ALD I rrocee lindas for 1932 
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nification desired from two to sixteen thousand, whose design j; 


use of a screw micrometer. 

For studying the deep-drawing characteristics of certain steels 
vice described by the authors appears to be admirably suited and tl 
be complimented on its efficiency and simplicity, both extremely desi: 
ities in any such instrument. It must be pointed out, however, that 
other requirements for similar instruments in the testing of metals 
all probability cannot be adequately met by the apparatus described 
tion is particularly called to the determination of the elastic properti: 
als, using the tensile test. 

Numerous investigators have pointed out the effects of size 
of specimen on the elongation values, using a constant gage length 
like to ask the authors whether or not these effects are reflected in the < 
of complete load extension diagrams, thus making interpretations difficult wh 
different thicknesses of specimens are compared. 

The troubles mentioned on page 594 in explaining Fig. 14, are large 
occasioned by the fact that the apparatus described only registers defor 
tion in a positive direction, that is, does not follow when contraction 
gage length occurs. This trouble has been overcome by the apparatus 
veloped in the Aluminum Research Laboratories, previously referred to 

The use of the term “true” stress in the testing of metals sooner ort 
tends to get the investigator into trouble. By taking certain liberties 
the size and shape of test specimen, the apparent stress required to break | 
specimen can be altered between very wide limits. For example, if we wer 
take a \% inch diameter specimen and turn a sharp “V” groove around 
center of the specimen, the load required to break the specimen, divided 
the area of the specimen at the bottom of the groove, would give a stress va! 
appreciably higher than could be obtained when using the normal testing 
cedure. Such a result would appear to raise the question as to just what 
the actual strength of the material and at the same time cast considerable d 
on any statement as to the value of the “true” stress in the material. W 
not the term “actual” be perhaps more definitive of the stress obtaining i1 
specimen, rather than the term “true’? The stress value for any given 
as ordinarily determined, might then be defined as “nominal”. 

From the data given in Fig. 15, page 594, it would appear that the ter 
sile strength of the cold-rolled material might well be defined by the equat 


37,500 (1 + 1.64 R) 
wherein 
the tensile strength for any given amount of cold rolling 


the reduction in cross sectional area expressed as a decimal 


Values obtained from this equation not only check the ultimate strength values 
indicated in Fig. 15, but show a reasonably good agreement with the valu 
indicated in Fig. 19, on page 595. In spite of this apparent check, however, ' 
writer is inclined to agree with the authors, in that the plastic part 0! 
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d deformation curve is not a satisfactory measure of the rate of strain 

of the material. 

Written Discussion: By Dr. Ing. W. Kuntze, Berlin-Dahlem, Germany. 
he procedure described is valuable in making an accurate determination 
valuation of the elongation curve in the tensile test. The writers are to 
eratulated on not having taken the position that the uniform elonga- 


is determined as accurately as possible by means of their equipment, but 


















































\tt the numerical values—which are not at all general—have a_ special 
nce. 
[he uniform elongation is more or less included in the per cent total elon- 
ind s depending on the definite gage length. High uniform elongation is 
I w ilways an advantage to the material. Frequently, the plastic properties 
tl better when the uniform elongation is small. Detailed physical tests, which 
cult use of lack of room unfortunately cannot be presented here, are to be found 
book ‘‘Kohasionsfestigkeit” (Mitteilungen der deutschen Materialpri- 
re larg esanstalten, Reprint XX, Published by Julius Springer, Berlin Linkstrasse 
defor In it a detailed analysis of the tensile test is carried through. 
On 
iratus Authors’ Closure 
to. 
authors appreciate the kind remarks of Joseph Winlock. The vari- 
rties wit which he mentions are of importance and will, of course, be studied with 
break 1 new extensometer. 
ve wet Dr. Nadai suggests that the term “Luder’s lines” is to be preferred to 
‘round tretcher strains”. While “Lider’s lines” is used frequently in foreign lit- 
divided ture and to some extent in this country, the phenomenon is known to all 
tress val et steel men as “stretcher strains” and the authors were attempting to speak 
asting language of the deep-drawing sheet industry. Dr. Nadai has contributed 
ist wl large amount of interesting and valuable work in the study of these “flow 
-able d and his recent book dealing with this subject is well known to the 
il. W rs 
1ing Dr. Kuntze has discussed the matter of uniform elongation. The authors 
piven | ree with him that this quantity is more or less included in the per cent 
tal elongation, but the latter is influenced by the gage length of the specimen. 
at the separately determined uniform elongation is independent of this variable 
equat therefore more characteristic of the material. 
Mr. MacGregor referred to the difficulty in centering flat specimens in 
testing machine and the effect of this on the upper yield point. The 
rs used special self-aligning grips which effectively overcame this diff- 
The curve presented by Mr. MacGregor shows very careful technique 
obtaining the upper and lower yield point with a Martens extensometer, 
a ' has the limitation that the shape of the curve immediately after the upper 


point is not determined. The continuous autographic recorder over- 






.; mes this and gives a continuous record of the relationship between stress 
ngth values 







h values . ° ° ° ° ° ~ ™ 
= will discuss, in order, the various points raised by Mr. Crane. The 


refers to the justification for a two to one relation between the true stress 
Land at C in Figs. 17, 18, and 19, 


owever, | 


part | I 
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The accompanying Fig. A is a schematic diagram of a true str: 
Point A designates the beginning of local contraction and the line A¢ 


tangent to the curve at this point. The load P at any instant is ,; 








‘ 
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Oy 
% 

& 

>) 
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100% 
Reduction of Area, 9 


Fig. A 


upon the instantaneous area of cross section F 
according to the equation: 


and the true unit stress 
P —= a (1) 


Changes in the stress due to work-hardening and changes in cross section du 
to elongation of the specimen cause a change in load as follows: 


dP o’ dF + F do’ 
The condition for the beginning of local contraction is: 


dP 0) 


e ° . - o4.9 , 
If we use the subscript e to denote the particular values of the variables | 
Point A, we may write: 


dP =o’. (dF)e + Fe (do’)e = 0 























on do’ o 
1. — (5) 
Uld : “ 
dk KF 
e geometry of the figure: 
do’ Oo o” 
Tan a : (6) 
dq l q 
| - F I 
finition q - l (7) 
Fo | 
dk 
dq — — (8) 
Fo 
Substituting these values of q and dq in equation (6) we have: 
do’ Co o” eo" a’ 
—— | | (9) 
dF 1—1+ F/I 
do’ ae 
ke i ee a (10) 
dk I 
To To’ oo! 
Substituting in equation (5) : —— a (11) 
F. Fe 
stress 
a Ce cn he (12) 
{ ] ) 
To. 
a.’ (13) 
section 2 
\ the mathematical development of this relationship is perfectly straight- 
(2) iorward, the authors wish to reiterate the statement made in the paper to the 
that point C has no practical significance because it seldom, if ever, lies 
the actual work-hardening curve of the material. 
Mr. Crane’s method of plotting true stress curves as shown in his Figs. 
- and 3 seems to the authors to be quite arbitrary because he condenses his 
rizontal scale to make the straight portion of the work-hardening line co- 
triables at neide with the sloping line from the origin to Sx. Mr. Crane’s deduction 
us Figs. 2 and 3 to the effect that the “sheet sample, Fig. 18, was an- 


to a softer and more plastic state than the bar sample, Fi 
‘ne out by the actual tensile data on these two specimens. 
properties of these two materials are almost identical, 


DISCUSSION—STRESS-STRAIN CURVES 





is not 


to 
As a matter of 


Oo 
ss 


TRANSACTIONS OF 


Property Bar 
Lower Yield Point (Lbs./Sq.In.) 22,000 
Upper Yield Point (Lbs./Sq.In.) 26,500 
Tensile Strength (Lbs./Sq.In.) 42.000 
Elongation (Per Cent in 2 Inches) 47.0 
Reduction of Area (Per Cent) 75.0 


We do not believe there is any justification for assuming that all 
of a given analysis will show the same rate of work-hardening. Variat 


structure, such as size and shape of grains and the nature of the constity 


present due to variations in heat treatment certainly would have a 
influence. 

In answering Mr. Templin’s questions, the difficulties with cords 
tioned in the paper refer to the older type extensometers in which the elong 
tion was magnified by pulleys at the recording drum. In this case any stret 
in the cord was also magnified. Both of the extensometers described in t! 
paper magnify the elongation at the extensometer and the magnified moti 
is transmitted to the recording drum; hence the stretch of the cord is not ma 
nified. The effect of size and shape of specimen on the characteristics of t 
autographic curve is a subject now under investigation. It is hoped that 
results of this work may be published later. 

The authors believe that the use of the term “true stress” is justifiabk 
only as a matter of usage to denote instantaneous load divided by instantaneous 
cross sections. The term “actual stress” does not seem to offer material 
provement, for as Mr. Templin has pointed out, it is difficult to determine t! 
actual or true maximum stress which is effective during the tensile test. 

The equation which Mr. Templin proposes for relating tensile strengt 
to percentage cold rolling is open to the objection that it takes no account 
variation in grain size, although it does represent quite accurately the 
havior of the particular material upon which the tests recorded in Fig. 15 
were made. 

The authors appreciate the interest shown in this paper and wish to than! 
all those who have contributed to the discussion. 


































SOME OBSERVATIONS CONCERNING THE 
WIDMANSTATTEN STRUCTURE AND ITS 
FORMATION IN HYPOEUTECTOID STEELS 


St} 


41.5 By A. P. TERRILE 


d lbstract 


This paper discusses experimental results obtained 


. na study of the formation of Widmanstatten structures in 
h ypoeutectoid steels. The paper reviews briefly the 
theories advanced by several authorities on the subject. 
; Several experimental heat treatments on identical 
com samples of steel are herewith reported and the results ob- 
24 tained are discussed and conclusions drawn in the light of 
unt the present investigation and the results obtained by other 
metallurgists. 
S of 1 NE of the most interesting structures observed during the 
— () course of metallographic studies is that of the well known 
astifiabl » \\idmanstatten formation. It was first discovered in 1808 by the 
ntaneous | French scientist Alois de Widmanstatten during an investigation of 
rial i1 } meteorites. This striking crystallographic arrangement of the con- 
mine t stitutents has been encountered time and time again, being frequently 
‘ issociated with hypoeutectoid steels in the cast and forged condition. 
ae Colonel Belaiew', Dr. Krivobok? and Dr. Sauveur,* eminent metal- 
the b § lographic authorities have been responsible for the principal theories 
‘ig. 15 concerning Widmanstatten formations in steel. However, it 1s an 
| interesting fact that the theory held by Colonel Belaiew differs to a 


considerable degree with that of the other two scientists. Although 
ll are in accord in the development of coarse austenite grains prior 
to cooling, Belaiew is of the opinion that the steel should be cooled 
slowly through the granulation zone and fairly rapidly (e.g., air cool- 
ing) through the zone of secondary crystallization. On the other 
hand, both Dr. Sauveur and Dr. Krivobok have succeeded in pro- 
lucing some excellent examples of Widmanstatten structures by 


; On the Genesis of Widmanstatten Structure in Meteorites and in Iron-Nickel and 


n-f n Alloys,’ by Colonel N. T. Belaiew. 


\. N. Krivobok, ‘Secondary Crystallization in Iron-Carbon Alloys,’’ TRANSACTIONS 
; Society for Steel Treating, Vol. VII, April, 1925. 


Metallography and Heat Treatment of Iron and Steel,’’ Second Edition, by 


veur 


. author A. P. Terrile is a member of the society and is associated with 
“Phin tallurgical department of the Pittsburgh Crucible Steel Co., Midland, Pa. 
Manuscript received January 31, 1933. 
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cooling slowly through the granulation zone and the secondai 


Colonel Belaiew’s method of cooling was based upon hi 
that during critical transformation a migration of ferrite tool 
from the interior of the grains toward the boundaries. <A ri 
fast cooling would entrap the ferrite along the cleavage planes 
resulting structure being of Widmanstatten type. <A slow 
would promote the cellular network structure, time being afforded 
for the proeutectoid ferrite to reach the boundaries. Dr. Krivobol 
has offered considerable evidence in his paper*® to substantiate his 
theory of Widmanstatten formation by slow cooling. The theor 
summarized states that during cooling upon critical transformation 
the ferrite is rejected from solid solution, first along the boundaries 
of the austenite grains. As cooling proceeds, the transformatio: 
continues with more alpha iron crystallizing from the boundaries 
into the interior of the grains along the cleavage planes. Hence, i1 
direct opposition to Colonel Belaiew, the consequence would be th 
development of Widmanstatten structures upon slow cooling, and 
structures of the network type by relatively fast cooling. Dr 
Sauveur* is in accord with the theory of Dr. Krivobok. Se Dr. | 

A salient point is, that regardless of the quite opposite views 
held, the methods of Colonel Belaiew and Dr. Krivobok have bot! 
succeeded in producing Widmanstatten structures. In this conne 
tion, it must be considered that the steels experimented with wer - The: 





plain carbon analyses, with carbon contents on the higher side of th 
hypoeutectoid range. B trodu 

The hypoeutectoid range of annealed plain carbon steels may = cooli 
conveniently be divided into two structural classifications, selecting ( 
0.35 per cent carbon arbitrarily as the line of demarcation. Abov: 


4° 


this carbon content the amount of free ferrite considerably dimn 
ishes, the structures becoming of eutectoid character. Below this 
point the structures are characterized by the predominance of th 
ferrite constituent. 

Studying the methods of treatment followed by Colonel Belaiew 
and Dr. Krivobok, it is found that the main difference was in th e ature: 
rate of cooling the steels through the secondary zone, both having : 
conducted the cooling slowly through the granulation zone. This 
part of the cooling is believed to have been of marked influence | 
their formation of Widmanstatten structure. 

A consideration of several of the established principles of metal soften 
nace- 


‘Dr. Albert Sauveur, “Austenite and Its Decomposition,” Transactions, Ame! 
Society for Steel Treating, Vol. 19, 1929, p. 199. 
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phy will serve to clarify the explanation for this premise. With 
‘yereasing carbon content, the temperature of the Ar, point becomes 
progressively lower and lessens in intensity. This condition is fur- 
ther affected to a marked degree by the rate of cooling. Acceler- 


ating the cooling depresses the Ar, temperature. Retarding the rate 


of cooling through the granulation zone would allow the Ar, point 
ty occur at a higher temperature. However, the maximum tempera- 
ture of transformation attainable, even by infinitely slow cooling, 


theoretically would not be higher than the equilibrium transformation 


temperature as established by the chemical composition of the steel. 

In the case of Colonel Belaiew’s method, the slow cooling 
through the granulation zone induced the occurrence of the Ar, 
point at a temperature sufficiently high to materially intensify and 
accelerate the transformation reaction. The austenite grains had 
transformed in all likelihood almost simultaneously at the boundaries 
and along the cleavage planes. The air cooling through the second- 
ary zone permitted no time for appreciable coalescence of the ferrite 
constituent, the Widmanstatten structure thus being sharply defined. 
Dr. Krivobok’s samples, although exhibiting excellent examples of 
\Vidmanstatten formations, showed more ferrite coalescence due to 
their slower cooling through the secondary zone. It should be re- 
called that Dr. Krivobok’s coolings were conducted from the melt. 
he intimate contact of the steels and molds insured a uniform cool- 
ing rate throughout. Slow cooling rates under these conditions in- 
troduced no appreciable thermal gradient between the steel and the 
cooling medium. 

Considerable difference is known to exist between the cooling 
rates of charges and furnaces. This is particularly apparent during 
the early cooling stages. The relation between the size of the charge 
and furnace employed is obviously important. As the charge weight 
increases per given furnace size, the thermal gradient between them 
lecreases, both tending toward cooling uniformly. In most com- 
mercial instances of undisturbed furnace cooling from high temper- 
atures, during the first part of the cooling the charge loses heat more 
rapidly than the furnace. As cooling continues, a temperature is 
reached at which both are in equilibrium. From this point the charge 
and furnace cool uniformly. The factors described are believed to 
have had great influence in promoting the network type of structure 
olten observed in the higher carbon hypoeutectoid steels when fur- 
nace-cooled from high temperatures. 
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HyYPOEUTECTOID STEELS OF EUTECTOID CHARACTER 


In order to demonstrate these views, several experimental hea 


treatments were conducted on identical samples of S.A.E. 1040 ay 
1050 steel. The analysis of the steels, size samples employed, : 


y 
ail 


the treatments are given in detail in Table I. 


Table I 


Heated —Rate of 
—— —-— Analy ses-——---—— De Granula 
Sample Car- Man- Phos Sul Sil- Treat- grees Time at tion 
Steel Size bon ganese phorus phur icon ment Fahr. Temp. Zone 
5.4.8. 27 Sect. 
1040 of 4x4” 0.41 0.56 0.018 0.026 0.14 A 2200 2 hours Air 
billet 
S.A.E. 2” Sect. Unretard 
1040 of 4x4” . a ; 0.026 0.14 2200 2 hours ed Fce. 
billet 
D.fickes & wect. 100 
1040 of 4x4” a j 0.026 ; 2200 2hours per hr. to 
billet 1500 
S.A.E. 2” Sect. 100° 
1040 = of 4x4” 0. a 0.026 0.14 1800 2hours per hr. 
billet 1500 
S.A... 2” Sect. 100 
1050 of 4x4” 5 .63 .015 0.022 0.17 . 1800 2hours per hr 
billet 1500 
S.A. 2 wect. 100 
1050 of 4x4” .5¢ .63 015 0.022 O17 F 1800 2hours per hr. 
billet 1500 











ns 
= es 


= 


Note—All steels were coarse-grained normal. 


w 


The object of treatment A was to produce considerable lowering 
of the Ar, temperature by a comparatively rapid cooling. The stru 
iure obtained, as shown in Fig. 1, consisted of a fine network of 


mm 


ferrite around coarse sorbite grains. The experiment also corr 
borated Dr. Krivobok’s theory of ferrite formation occurring first 
at the grain boundaries, rather than in the interior of the grains a: 
proposed by Colonel Belaiew. 





Treatment B was performed to show the persistence of the net- 
work type of structure under conditions of ordinary furnace cooling 
The furnace was of the gas-fired type employed for hardening 0! 
high speed steel. The cooling from 2100 degrees Fahr. to the dis 
charge temperature of 800 degrees Fahr. took 8% hours. Th 
structure, as illustrated by Fig. 2, was of pronounced network chat 
acter, with considerable free ferrite in a matrix of lamellar pearltt 





The purpose of treatment C was to overcome the therma 


gradient present under undisturbed furnace cooling. To accomplis 
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Microstructure Af 
Microstructure Af 
Microstructure Af 
Microstructure Af 


‘reatment 
‘reatment 
Treatment 
‘reatment 


= 1040 
B on S.2 o Mee 
C on S.A.E. 
D on S.A.E. 


1040 
1040 
1040 


Steel. 
Steel. 
Steel. 
Steel. 


100. 
100. 
100. 
100. 
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tarded, being conducted at a rate of 100 degrees Fahr. | 


‘The steel was air-cooled through the secondary zone to avoid 


possibility of excessive ferrite coalescence. The steel contained 
sharply defined Widmanstatten structure as shown by Fig. 3 
In re-heated steels, the maximum heating temperature has sycl 


a marked influence upon the temperatures of occurrence of the A; 
points that this factor with relation to Widmanstatten formato; 
could not be disregarded. It has been established that with highe; 
heating temperatures the suppression of the critical range is greater 
per given cooling speed. Lower heating temperatures, therefore 
would be expected to result in higher transformation temperatures 
upon cooling. The consequence should be acceleration of the trans- 
formation reaction at Ar, with more rapid ferrite formation. In 
order to show the influence of a lower heating temperature upon th 
development of Widmanstatten structure, treatment D was con- 
ducted. The structure developed was of pronounced Widmanstatten 
type as illustrated in Fig. 4. Evidence of a higher Ar, temperatur 





is shown by the abundance of free ferrite and marked coalescence oj 


this constituent which had occurred, particularly at the grain 















boundaries. The air cooling through the critical range apparent) 
prevented appreciable agglomeration of the ferrite formed along th 
cleavage planes. 

Repeating this experiment (Treatment FE) on a sample of 
S.A.E. 1050 steel produced the structure in Fig. 5. The free ferrit 
was in Widmanstatten arrangement, but considerably less of this 
constituent was present due to the higher carbon content. An ad 
ditional sample of this steel treated similarly, with the exception oi 
furnace cooling through the critical range (Treatment F) showed the 
Widmanstatten structure completely masked by ferrite coalescenc 
as illustrated by Fig. 6. 
















HyPpoEUTECTOID STEELS OF FERRITE CHARACTER 





With the plain carbon hypoeutectoid steels of ferritic character, 
as carbon diminishes with correspondingly higher Ar, temperatures, 
the tendency toward ferrite coalescence becomes more pronounced 
This may be strikingly illustrated by a study of the decarburized sur- 





face of a medium high carbon steel after undisturbed furnace cooling 
from a high temperature. In Fig. 7 is shown the gradation 0! 


coalesced rounded ferrite grains in the decarburized zone to networ 
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Microstructure After Treatment F on S.A.E. 1050 Steel. Nital. < 100. 


) netwo! rig Microstructure Showing Edge of Specimen Used for Treatment B. X 100 
Microstructure of S.A.E. 1025 Steel Treated as Shown in Table II. X 100. 
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formation in the interior. The intermediate area was 0} 
statten structure. This particular example was from tl 
the specimen used in treatment B. 

The development of Widmanstatten structure in t! 
depends mainly on directing the treatment to avoid excessiy: 
crystallization and agglomeration. For example, as the carbo; 
tent diminishes to zero from any given heating temperatur: 





Fig. 9—Microstructure of S.A.E. 1025 Steel Treated 
Table Il. Nital. x 100. 

the Critical range, the rate of cooling theoretically should be pr 
portionately accelerated. An instance of this was the development 
by Dr. Sauveur and Dr. Chou* of Widmanstatten structure in car , 
bonless iron by drastic quenching from a high temperature. 

The carbon range between 0.20 to 0.30 per cent in plain carbo 
steels is quite adaptable to the formation of Widmanstatten stru 
tures. Some latitude may be allowed in the cooling rates from hig! 
temperatures. Practically any heating temperature over 1800 de- 


grees Fahr. followed by air cooling will produce sharply detined 


Widmanstatten structures. In fact, with temperatures over 1 
degrees Fahr. the formation has been observed after either air 
furnace cooling. Figs. 8 and 9 illustrate these conditions in samples 
of S.A.E. 1025 steel. The greater coalescence of the free ferrite 1! 
the furnace-cooled steel should be noted. The detailed information 
concerning these treatments is given in Table II. 
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Table Il 
—— -~Analysis—————— Photo Heat Treatment— i 
le Car Man- Phos Sul- Sil micro- Heated Time at 
bon ganese phorus. phur icon graph F Temp. Cooled 
Rd. 0.24 0.57 0.025 0.021 0.18 Fig. 8 2000 1% hours Alt 
Rd ).24 0.57 6.025 6:02) 0.18 Fig. 9 2000 1% hours Furnace 


steel was coarse-grained normal. 


SUM MARY 


\ study of Dr. Krivobok’s and Colonel Belaiew’s methods of 
rmation of Widmanstatten structure showed the main difference 
tween them to have been the cooling of the steels through the sec- 
lary zone, both having conducted the cooling very slowly through 
eranulation zone. 

In the hy »oeutectoid steels of eutectoid character the rate of 
ling througn the granulation zone was shown to be a factor of 


irked influence toward the development of Widmanstatten struc- 


ture. In this connection, there was discussed the cooling of Dr. 


‘rivobok’s steels from the melt with consequent minimized suppres- 
sion of the Ar, point, due to uniform cooling resulting from the 
ntact of the steels and molds. 
The persistence of network type structures in re-heated steels 
irnace-cooled was shown to be in a large part due to the differential 
ling of the charge and furnace. The more rapid cooling of the 
harge during the early cooling stages induced a suppression of Ars. 
\ controlled rate of cooling through the granulation zone was 
emonstrated to overcome the suppression of the Ar, point usually 
encountered under conditions of undisturbed furnace cooling. Wid- 
manstatten structure in S.A.E. 1040 steel was developed from a com- 
paratively low heating temperature of 1800 degrees Fahr. by a close 
ntrol ot the cooling rate through the granulation zone. 

The cooling rate through the secondary zone in relation to Wid- 
manstatten structure was demonstrated to be a factor of importance 
determining the extent of ferrite crystallization and coalescence. 

The development of Widmanstatten structure in hypoeutectoid 
steels of ferritic character was shown to depend mainly on directing 
the treatment in such manner as to avoid excessive ferrite crystal- 
lization and agglomeration. 

In the range of 0.20 to 0.30 per cent carbon, Widmanstatten 
structure was produced by air or furnace cooling from a high heat. 
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DISCUSSION 





It was interesting to note that with the experimental 
of higher carbon hypoeutectoid steels, the treatments which had , 
duced the most pronounced Widmanstatten structures 


OlOW 


somewhat the method proposed by Colonel Belaiew, yet the evide; 


was overwhelmingly in favor of Dr. Krivobok’s fundame 
hypothesis of ferrite formation from austenite. 

In this respect, the fact that these steels had been re-heated a 
not cooled directly from the melt introduced such additional fac; 
as the maximum heating temperature, time held at temperature, a 
rate of cooling, all of which had material effect upon the Ar, poin 

The development of Widmanstatten structure as carbon 
creased with diminishing ferrite content had apparently depend 
upon the temperature of the Ar, point as well as the rate of cool 
through the transformation range. It is believed that the trans 


formation reaction was accelerated by the occurrence of austeni 




















decomposition at a higher temperature. This was the main purpos 
of retarding the cooling rate through the granulation zone. 1 
importance, in many cases, of a closely controlled cooling and defini 
knowledge of the rate of cooling toward the attainment of a speci! 
structure cannot be over-emphasized. After all, the term “slowh 
cooled” is vague and purely relative. To simply state that a steel had 
been furnace-cooled conveys but little knowledge concerning 
actual cooling rate that had occurred. 

For example, in the automotive field the factor of machinabilit 
alone requires a knowledge of every detail of temperature, time a! 
cooling rates involved in the actual annealing process. The develo 
ment of annealing cycles has opened a fertile field for the develo 
ment of specific structures. 

Undoubtedly, many other factors bear an important part in t! 
attainment of a definite structure. With chemical composition as t! 
fundamental background, uniformity, as evidenced by the extent 
dendritic segregation, the degree of normality, grain size, all bear a 
important relation to transformation temperatures and transforma 
tion reactions. 

The Widmanstatten structure, although of no considerable con 
mercial value, was chosen in the higher carbon range of hyp 
eutectoid steels as a structure of specific type attainable only by car 
ful and closely controlled treatment. 
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4 SIMPLE CUTTING TOOL FOR MEASURING 
PRESSURES IN THE DIRECTION OF CUT 


By O. W. Boston AND C. E. KRAUS 


Abstract 


This paper describes a special tool holder by wri hh 
he cutting resistance or tool pressure 1s determined from 
the tool point deflection as read on an indicating gage. The 
tool permits easy and rapid determination of that com- 
ponent of tool pressure which 1s in the direction of cut. 
[he tool is simple and rugged im construction, installed 
is readily as any tool in a lathe, planer, and shaper, and 
is useful in comparing the machining properties of various 
metals or the same metal under different conditions, im 
determining the relative effect of cutting fluids or tool 
angles on power required, and in determining force or 
power equations in terms of depth of cut and feed for 
specific metals and cutting conditions. Results of a 
variety of types of tests demonstrate the use of the device 
for rapid comparative studies. 


RB’ ‘AUSE of the increasing demand for results of a comparative 
nature to indicate the relative machining properties of different 
metals or a given metal under different conditions, a small tool has 
heen developed which may be used as an ordinary cutting tool in the 
standard tool posts of lathes, planers, and shapers. 

It is recognized that, of the many methods of measuring machin- 
ability, one giving tool life is of the most practical value and the type 
{ information most commonly required. Tool-life tests are, how- 
ever, often not only difficult but expensive to obtain. Other types 
i tests used in determining the relative machinability of materials 
have been used, such as the torque, thrust, and power developed in 
drilling, the force on a planer or lathe tool as measured by a large 
expensive dynamometer, the time for a given drill under a constant 
teeding load to penetrate a given distance, etc. These methods all 


A paper presented at the Fourteenth Annual Convention of the society 


in Buffalo, October 3 to 7, 1932. Of the authors, who are members ot 
Society, O. W. Boston is director, Department of Engineering Shops at the 


versity of Michigan, Ann Arbor, Mich., and C. E. Kraus holds the appoint- 
student assistant to him. Manuscript received April 9, 1932. 
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have certain objections in that the results, as in the cas 
penetration, do not always indicate the most favorable machin; 
ditions, or that the devices are expensive, difficult to operat 
by trained personnel, and require considerable time. 

The device described in this paper is intended primarily 
comparative tests of a routine nature, such as the testing of 
specimens of steel screw stock for uniformity and ease of cutti: 


It is not intended for use as a piece of laboratory test equip 
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Fig. 1—Tool Dynanometer Used to Measure the Cutting Force in the Direct 



















although, if intelligently handled, it will give favorable comparativ 
or absolute results when used under carefully standardized operating 
conditions. 

The tool as illustrated by the line diagram in Fig. 1 is designed 
to fit into an ordinary tool post of a lathe, planer, or shaper. The 
tool consists principally of a shank, a bit holder, and a deflection | 
dicating mechanism. The shank and bit holder were machined as a 
single piece and then cut in two. Set into a longitudinal groove 
the top and bottom of the shank and holder so as to be flush wit! 
the surface and to separate, at a short distance, the tool holder fro 
the shank, are two high carbon steel springs which permit a vertical 


motion of the bit holder perpendicular to the longitudinal axis 01 


the 


NeN 


shank. By means of a lever shown in Fig. 1, any vertical movemen! 






of the tool bit holder relative to the shank, which is clamped rigi¢!) 
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tool post, is transmitted to the dial indicator fastened to the 


[n order to make the device as rugged as possible, the springs 
re made quite heavy and the lever was designed to amplify the de- 


= Jections of the tool point. The holder takes a '%-inch square tool 
70 
‘ a 
| 
| 
60 4 } } 
3 | 
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nparative ; 0 | 
siomeati 0 10 20 30 40 50 
Dial Reeding 
Fig. 2—Calibration Curve for Tool Dynamometer—Tool Tip 


qesigned > ) 
lesig Projecting Forward 35 Inch. 


er. The 

ection 1n- bit which, as in ordinary tool holders, is held at a 15-degree back- 
ined as a rake angle. 

yTOOVE II The calibration curve of the holder showing the relation of the 
lush wit! § dial gage reading as a function of the tool load is shown in Fig. 2. 
der fron ; This curve is approximately a straight line. The calibration was 
a vertical carried out with the tool point projecting 9/32-inch beyond the end 
xis of the § of the holder, but since the device is essentially a parallel linkage, the 
novement § projection of the tool bit has practically no effect on the calibration 


. 2. WIT, “as = ss ° = . . ee : . 
ed rigidly curve Che curve could be determined for several times the maxi- 


[TRANSACTIONS OF THE AZ. S. S. 


8 


S 


Cutting Force in Pounds 
x 





0.004 0.006 0.008 02010 0.015 0020 0025 0.030 
feed in Inches Deoth in Inches 


Fig. 3—Tangential Cutting Force for Light Turning Cuts on Cold-Roll 
Carbon Steel. Dynamometer Tool Cutting Dry. Sar 2.938 Inches Turne 
Inches in Diameter. Initial Cutting Speed 64 Feet per Minute. High Spee t 
Tool Bit ‘‘A’’ Used. Side Rake 0 Degrees. Sack Rake 15 Degrees End-Cutti 
Angle 6 Degrees. Front and Side Clearance 6 Degrees Nose Radius 0 
Setting Angle 90 Degrees. 


mum deflection shown, as the lever ratio amplified the deflection al 


three to one on this model. Also, by modifying the tool springs, pra‘ 


tically any moderate range of tool pressures could be measured. 

In order to demonstrate the usefulness and adaptability, as wel 
as the limitations of this conveniently applied tool, the results of a 
number of different types of tests are presented. 


EFFECT OF VARIOUS COMBINATONS OF FEED AND DepTu oF Cl 
THE TANGENTIAL CUTTING FORCE 


Turning low carbon steel—After making the tool dynamometer 
tests were first run designed primarily to ascertain the best range 
feeds and depths of cut for subsequent standardized tests. A bar 
low carbon cold-rolled steel taken from stock was centered and trued 
up, after which it measured 2.5 inches in diameter. It was run at 
98 revolutions per minute, which gave an initial surface cutting spec’ 
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et per minute. The tool bit used was 14 inch square in 
nd was of high speed steel. It was ground so as to have 


rake angle, a 15-degree back-rake angle, a 6-degree end cut 





| 50 S ino angle, a 6-degree front and side-clearance angle, a setting angle 
1) degrees, (that is, the axis of the tool and the cutting edge were 
| g angles to the axis of the work), and an 0.010 inch nose 
| % -adius. Bits of this particular size and shape are designated as A. 
| S | For each depth of cut of 0.010, 0.020, 0.025, and 0.030 inch, feeds 
JO* 6.004. 0.0069, and 0.0091 inch were used. Two identical series of 
sts were run, the results of which are shown plotted as tangential 
| s utting force in pounds over the variable on log-log paper in ig, 3. 
R he two series of tests appear to compare favorably with one another. 
OX is apparent from the calibration curve, Fig. 2, that even greater 
7 epths of cut and feeds might have been taken. 
(he surface of the metal cut was very smooth and showed 
ply defined and unbroken feed helix lines. The vibration of the 
licator needle was not found to be objectionable. lLater tests 
i cast semi-steel bar gave considerable vibration of the gage needle 
eend fy | made accurate readings difficult to obtain. 
- lhe results of the above preliminary tests as shown in Fig. 3 
icate that the tool pressure is a function of some power of the 
ind depth. The slopes of the lines have been measured and 
“ ne ; ndicate the following equation : 
P = 38,700 F°-*? D°- 
on 
oS, pra s in which P is the tangential cutting force, C is a constant for the 
all iterial cut and the tool when cutting dry, F is the feed, and D is 
om s the depth of cut in inches. It is apparent that, for the range of feed 
Its of a ; and depths of cut covered by this equation, metal can be removed 
uch more efficiently with coarse feeds than with fine feeds and that 
depth of cut has very little effect on the efficiency. P in pounds 
Cut on s was 44.5 for a feed of 0.007 inch and a depth of 0.025 inch. 
ming an annealed S, A. E. 3150 steel—Tests similar to those 
= scribed above were repeated on an annealed S.A.E. 3150 steel 
—" hich had been used in a number of other machinability tests.’ Three 
eel 4 ea les Ol -— were run in accordance with the information given in 
ae % : where the data are shown plotted on log-log paper. — he 
= gated points indicate the range covered by the vibrating dial of 
is run 
ng spe boston and C, J. Oxford, “Performance of Cutting Fluids,” Trans 
os of Mechanical Engineers, Vol. 54, No. 3, Feb. 15, 1932. 














TRANSACTIONS OF 


Les) 
S 


Cutting Force, Pounags 
ty 
Q 





0.004 0.006 0.008 0010 0015 0020 


Feed in Inches Depth in Inches 
Fig. 4—Tangential Cutting Force Produced by Various Combinat 

Feed and Depth of Cut on Turning an Annealed S.A.E. 3150 Steel. Dynan 

ter Tool Cutting Dry. Bar Turned to 1.733 Inches in Diameter. Speed of 

51 Revolutions Per Minute. High Speed Tool Bit ‘‘B’’ Used Side Ral 

Degrees. Back Rake 8 Dezrees. Front and Side Clearance 6 Degre: 

Radius 0.010 Inch. Setting Angle 90 Degrees. 
the tool. The “B” tool was used in these tests in which the back a1 
side rake of tool “A” were changed to 8 and 14 degrees, respective ly 
as these angles had been used more often in other tests. Again, a 
close agreement in corresponding values is noted, and from the coi 
stant depth and constant feed lines the formula representing the cut- 
ting force as a function of the feed and depth of cut is found to | 


P == 155,000 F°-7* De-% 


‘ ” - e a, © . ec 
P in pounds was 102 for a feed of 0.007 inch and a depth of 0.02 
inch. This equation is shown to agree very well with that obtain 


in planer tests on the same steel when cutting dry, as follows: 


Turning tool dynamometer, 
P =: 155,000 F°7* D°-"* 
Planer dynamometer, 

P — 128,200 F°-78 1)°:98 
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- e constant of the turning tool dynamometer is 21 per cent 
than that of the planer dynamometer. The reason for this 
| nnot be explained. It may be due to the fact that a slightly higher 
: speed was used in turning than in planing. Also, that there 
. 4 difference in the constant due to straight line cutting over turning. 
Check tests were run with a feed of 0.007 inch and a depth of cut 
25 inch with the tool used in the turning tests and with a tool 
ind and honed to the exact shape and condition of that used in 
laner tests, and only a 3 per cent greater force in turning was 
The tool used in the planer tests was honed all over and had 
32 inch radius as compared to the unhoned tool used in turning 

‘th a 0.010 inch nose radius. 


[aylor’s formula when cutting steel was 
P=—CD F®***, in which C 230,000 


t when cutting soft and hard cast iron was 


P = CF*7 Se. 





— for his %, 34, and 114 inch wide shank high speed steel round-nose 
+ ol, which agrees almost exactly with the authors’ equation. Taylor’s 
onstants C were 45,000 for soft cast iron and 69,000 for hard cast 
¢ ron. 
\n average for the planer-force equation above for all cutting 
Gees c 1S 
back a1 ; P — C F°®-79 J)0.95 
pectivel , . . - . 
Awain ‘ s im which, for dry cutting, ( 128,200, and for the sulphurized 
— s mineral oil No. 10, C = 108,200. (See Table IT). 
a saa. | (he formulas for cutting force P, when turning the low carbon 
as old-finished steel and the annealed S.A.E. 3150 steel, are not in 
i agreement regarding the exponent of the feed F, as 0.67 was ob- 
ained in the first case and 0.78 in the latter. This is due probably 
f (02% ; to the fact that tool A was used in the first case and tool B in the 
‘ ites ater. These tools are described in the caption of Figs. 3 and 4. 


| 


\ESULTS From Toot DyNAMOMETER TEsts CoMPARED WITH 
THOsE From OtTuer Metruops or TEsts 

In order to compare data taken with the tool dynamometer with 

nability data obtained by other methods of tests and to show 





















































































































































14 Super-Free-Cutting 
Stock ‘ 
1112 Cold-Drawn Steel 


No 

IS7A Brass Screw 
BB Bearing 
Al-31 Aluminum 
11-1 Cast 

\LB \Vlanganese 
$16 S.A.E 

Al Axle 


Tool 


the adaptability of the new tool for 
tests were run. 

Nine test bars 12 inches long were selected covering a 
metals, for each of which results of various other machinability 
were available.* 
the surface smoothed with another tool. 

The tool dynamometer was inserted and the shaper set 
the lowest number of strokes per minute, and a length of str 


16 inches. 


20 feet per minute. 
was equivalent to approximately 0.006 inches per cut. 
surfacing cut was taken with the dynamometer tool in order to get 
good zero reading for depth, after which the tool was fed to a dept 
of 0.010 inch as indicated on a dial gage. 
were obtained under this condition with tool A. 
good surface on all metals and, except when cutting c 
objectionable vibration was noted. 
in Table I, together with the force on a standardized planer tool, t 
torque on a 34-inch diameter drill, the milling energy per chip 

standardized milling cutter, and the dial readings on the new tool 


A description of the materials and other methods of tests Is g1\ 
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Comparing Machinability Data of Four Methods of Tests 
(For description of tests, See Fig. 5.) 


(Annealed). 


screw 







ach bar in turn was clamped in a shape 


This corresponded to a cutting speed of approximat 


The feed ratchet was set at one not 


in detail in a previous paper.® 
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use in a shaper, the 
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The nine metals tested < 


These data are shown plotted over t 
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arranged as abscissa from left to right in order of decreas- 


iis 



































ues of force on the tool dynamometer in Fig. 5. The compara- 


curacy of the device is immediately apparent, and it is 


Drill Torque, Ft-lb.; Milling Energy, Ft-Lb. 


S S x Q & g 
Shaper Force, Lb, 
a 
> & 8 & 2 8 
Tool Stee/ 
7-1 
Axle Stee/ 
A-/ 
SAL ME 
bar 416 
' free Gi oe Stee/ 
- ; ber 4/4 
Vise a Mangenese Bronze 
MB 
Cat It Cast Iron 
stroke I/-1 
OX1N . 
Aluminum Alloy L 
ch. \\ ] Al-357 
Very O 
Besring Bronze 
. BB 
Oad ie] 
“a Brass Screw Stock 
all meta (Annesled) 
eft 1 vel ; bar I87-A 
~ ™ Np Ao 
ir S a S DY S & 
; ae | 
esi Plener force, Lb. 
r too Fig. 5—Comparing Machinability Data of Four Meth 
chi } ods of Tests on Nine Different Metals All Tests Run Dry. 
W tO : c ° ° . 
| significant that the total time required to prepare the specimens and 


these tests was only about five hours. With but one or two 
exceptions, the four curves shown in Fig. 5 agree very well. The 
our metals from the left, consisting of tool steel Tl, axle or 
medium carbon steel Al, free-cutting S.A.E. 1112 steel 416, and a 
itting steel 414, respond practically alike to all four methods 
tests. The planer-force curve for bar 416 appears to be slightly 


ihe manganese bronze MB seems to show low values for the 
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planer-force and milling-energy curves and rather high , 
drill-torque and shaper tool dynamometer. The milling-ene: 
for the aluminum alloy Al-31 seems to be low. In general, 
these various ratings compare favorably. From this it seems 
that machinability ratings of the tool load type may be 
quickly and with little expense by the tool dynamometer. 


THE INFLUENCE OF A CUTTING FLUID 


The adaptability of the tool dynamometer to compar« 
fluence of various cutting fluids from a power standpoint for 
material is shown by the following tests. 

Cutting low carbon steel—A low carbon cold-rolled steel was 
cut with eleven different cutting fluids. These eleven cutting fluids 
were selected as representing various types commonly used. The 


have been reported previously in connection with planing 


Used 


drilling,’ and muilling* various metals. They are listed with thei 
various properties in Table IT. 


Fluids 


The bar of low carbon steel was first centered and a light cut 


~ 


taken to remove the irregular surface. Tool type A was used in tl 


of 
= 
~ 
s 
Y 


tool dynamometer. ‘the tool operated at a set depth of cut of 0.01 
inch and a feed of 0.0091 inch. Each cutting fluid in turn was a 


plied by hand from a large oil can in a steady stream at the point oi 
cutting. The dial indicator was read during the cut. When chang- 


Properties of 


ing from one cutting fluid to another, the tool was not withdraw 
from’ the work, although the work was cleaned thoroughly, afte: 
which the cut was allowed to continue long enough with the nev 
oil to eliminate the possibility of any influence of the cutting fluid 
previously used. About one inch of length of bar was found to | 
ample for a single test. 

Three series of tests were made, each time changing the ordet 
of application of the cutting fluids, and after each test the bar was 
measured with a micrometer to determine the actual depth of cut 
Cuts 1 and 3 were made with a depth of cut of 0.010 inch, but test 2 
was run with an actual depth of cut of 0.0115 inch, so that the ind! 
cator readings are proportionately high. 

The results of these tests are shown graphically in Fig. 6. Th' 
lines representing the results of each test show rather consistent 

‘O. W. Boston and C. E. Kraus. “Elements of Milling,’ presented at tl 


meeting of the American Society of Mechanical Engineers, in New York City, Novem 
30, 1931. 
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sults. Presumably the actual depth of cut for test 
slightly less than that for test No. 3, explaining why the 
test No. 3 is above that of test No. 1. All three curves 
tically the same general tendency as far as the influence of 
ous cutting fluids is concerned. In test No. 2, the dial re 
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Fig. 6—Tangential Cutting Force in Turning Low Ca 
Steel Using Various Cutting Fluids Shown in Table Il. Cutt 
Fluids Arranged in Order of Cutting Force. 









Increasing 








oil No. 7, a heavy mineral oil, is slightly low as compared with 1 


; = a 
curves for tests 1 and 2. The values for the three cuts have b 
averaged and are shown in Fig. 6 by the heavy dark line. The 1 
required for these three series of tests, using the eleven cutt 


} 
( 


fluids, on the one material consumed a little more than thre 

From the average curve, it is seen that the cutting fluids wh 
show up most favorably in cutting this low carbon steel are the | 
No. 5, 10, and 11. No. 5 is a lard oil, No. 10 is a sulphurized mi 





























CUTTING 





FOOL TESS 


and No. 11 is a sulphurized lard oil blended with five parts 
ral oil. A gradual increase for cutting fluids No. 8 to 7 is 
though the total increase is only 1 in 22. It is interesting to 
that cutting fluids No. 8&8, 9, 6, and 7 are oils, while No. 3, 
2 are water compounds. Yet the difference in performance 


_ . t particularly noticeable. No. 1 at the extreme left represents 
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; 
~ Jecond 
wt FF yerage 
“B* Too! 
a ae a ae 6 ;- =. we 
Cutting (uid 
Fig. 7—-Tangential Cutting Force in Turning Annealed S.A.E 
Steel Using Various Cutting Fluids Shown in Table Il. Cutting 
Arranged in Order of Increasing Force. 
cutting. In all of the tests, the indicator readings when cutting 
ire highest, as might be expected. 
Cutting S.A.E. 3150 Steel Annealed—The influence of cutting 
is was further studied when cutting an annealed S.A.E. 3150 
which cutting fluid tests previously had been made by an- 
method.' The results of the tests are shown in Fig. 7. Tests 
d with tl E th two tools, A and B, were made for each of the eleven cutting 
have beet uids Tool A, as described in ig, 3, had 15-degree back rake 
The tn ind no side rake, while tool B was similar to A, except that it had 
en cuttin: Be l+-degree back rake and 8-degree side rake. ‘The cutting speed was 
iree hours S © teet per minute, the feed was 0.0069 inch, and the depth of cut 
uids whi vas O.10 inch. The stock was 1.808 inches in diameter at the start. 
ire the oils oO sets of tests were run with tool A and three sets with tool 


all cutting fluids in which the order of applying the cutting 
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fluids was varied. The results are shown plotted in Fig 
heavy line for each tool represents the average of that seri: 
The cutting fluids are arranged as abscissa from left t 
order of increasing cutting force in pounds. The sulphu 
No. 10 and 11 again produce the lowest cutting force. © 
and 7, inclusive, show a gradual increase in cutting force 
to right as indicated. Cutting fluid No. 4, which is an emulsio; 
sisting of one part sojuble oil in ten parts water, produces t! 
cutting force as the heavy mineral oil, No. 7. Cutting flui 
and 2, which are dry cutting, one part soluble oil in fifty 
water, and water, respectively, show the highest cutting fore 
both tools. 

It is interesting to note the difference in performance 
tool A and tool B. The cutting force using the sulphurized mine: 
oil No. 10 is practically the same for both tools. All other 
fluids, however, show distinctly different values of cutting fore 
the two tools, the difference increasing with the increasing cutti 
force. When using the heavy mineral oil No. 7, cutting tool A p 
duces a cutting force of 57 pounds which is 24 per cent greatet 
that required by tool B, using the same cutting fluid. When cutti 
with water, tool A produces a force of 70 pounds which is 49 | 
cent greater than the force produced by tool B under this sa 
condition, 

In previous experiments’ these same cutting fluids 10 and 
were found to produce the lowest torque when drilling this sa 


steel. The torque was found to increase with the cutting fluids 


ranged in the following order: 10, 11, 2, 3, 4, 7, 5, 6, 8, 1, 9. 


1 


planing, however, with a tool shape similar to that of tool B, | 
when taking a cut 0.2 inch deep and a feed of 0.036 inch, the cutting 
force was lowest for the sulphurized mineral oil No. 10, and \ 
found to increase with the cutting fluids in the following order: 

5 a ) 


5, 4, 8, 6, 7, 2, 3, 9, 1. In planing there seemed to be a very sligh! 
change in cutting pressure for the cutting fluids listed. When tl 


planer force cut was 0.130 inch deep with a feed of 0.036 inch, t! 


force increased with the cutting fluids in the following order: 
L234 fe ESRD 


INVESTIGATING THE MACHINING QUALITIES OF MALLEABLI 
Cast [Ron 


The machining qualities of a malleable cast iron will var) 
































CUTTING 





rOOL: TESS 


ice into the body of the metal, due to the decarburizing effect 
innealing process. In structure, the material will vary from 
face to a depth of about 0.125 inch. This layer often is de- 

ed oils -hurized so that the metal at the surface consists of practically 
nis Ni ire ferrite containing about 0.5 per cent of total carbon. The car- 


content gradually increases until a normal value for the interior 
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the cutting reached at the depth of approximately ' inch from the surface. 
), and 


‘ertectly malleableized iron will consist of temper or annealing car- 


order: in a ferrite matrix throughout the body. In practice, however, 
very sig! ® this matrix may contain pearlitic areas, and usually carbide particles 
When t! 


found in varying quantities. Often the surface layers to a 


5 inch, r ; pth of about 0.020 inch will be found to be spongy and oxidized 

der: s ‘spots. The machining cualities depend on the distribution and 
. tive quantities of these various constituents, the relative size of 

— ; ns, the presence of inclusions, sulphides, phosphides, etc., and 
E vary Over quite wide ranges. 


8 illustrates such a structure magnified 14.3 times. The 
i the casting which was 1% inch thick is at the left. The 
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analysis of the annealed iron taken from chips at a depth of} 





0.260 inch from the surface is as follows: 











Per Cent 
I one ei as Ll 2a 
ee 2.26 
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RE, ned Ba re eee g a i ee se ().98 
Se 0.293 
I Di id ia eit cs le) Ae 0.162 






Sulphur 







This bar was annealed in a periodic oven employing 





gas. It was packed in furnace slag and located in the center 






furnace. Medium tensile strength iron was anticipated. It requi 








4+ hours to heat to 1600 degrees Fahr., and remained at or slioh 


inl 






above 1600 degrees Fahr. for 86 hours, with a mean cooling 






+.9 degrees per hour. 






The curves over the photomicrographs show an attempt to 






relate total carbon content as determined from layers 0.010 





thick at various distances from the surface: hardness and n 


t 






)" } 
ici 





ing properties at various depths is determined by the force o 






planer tool as described in Fig. 5, the torque on a counterbore 2 






inches in diameter, with a 34 inch diameter pilot when rotating at 7 






revolutions per minute and at a feed of 0.006 inch per revoluti 






and the energy absorbed by a milling cutter tooth in taking on 






at various depths when the depth of cut of each chip was 0.025 it 






and the feed per chip was 0.010 inch. Satisfactory correlation ly 






tween the three machining curves is seen to indicate the machinii 






properties of the metal at any depth. 






The object of this series of tests is to show the use of the 1 






dynamometer in determining these machining properties from 






standard tensile test bars representing the heat. The eleven tensi! 






bars used were cast from various heats in the same foundry, ai 





represent commercial malleable irons. The particular bars ust 






were selected from some fifty available specimens to give the wides 






range of chemical analyses. They are listed in Table III whi 






gives for each bar the data of the pour, and the analysis of the ha’ 






iron, as determined from similar tensile test bars. 






The procedure of the tests was as follows: The bars were firs’ 






- ° ° lath 
very carefully centered so as to run as true as possible in the lat 


Successive cuts each 0.010 inch depth were taken the length of 







Pe ° ° ° ° o - . 1 denn | 
Yg-inch diameter section with a feed of 0.0091 inch per revolution 





Mallea 
Vari 
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Table Ill 


Malleable Cast Iron Tensile Test Bars, as Used in Tangential-Force Tests for Skin 
aie - 


Variation The test bars were selected from each of several pours of one company. 


Hard Iron Analysis Physical Properties 
Elon 
Furnace Tensile Yield gation 
Ni lotal Strength in 
Silicon Sulphur Phos. Man. Carbon’ Lb./Sq.in. Lb./Sq.In. 2 Inches 
1 0.98 0.041 0.17 0.29 2.35 55.000 37.000 
0.84 0.047 0.19 0.29 a ae 55.000 37.200 a 
1.05 0.043 0.17 0.24 2.43 54.800 37,200 22% 
1.14 0.040 0.17 
0.93 0.042 0.18 0.22 2.2 55.000 34,000 27.0 
1.18 0.048 0.18 0.24 2.01 59.500 39,700 29.2? 
1.05 0.040 0.18 0.22 2.14 56.000 35.400 28.0 


0.23 2.47 55.000 39 000 20.5 


ytiiy 1 / 0.96 0.043 0.18 0.24 2.20 58.500 37.400 5.8 
0 86 0.036 0.18 0.23 2.45 57.000 33.600 23.5 
Pr «yt ft r ] 0.26 0.044 0.19 0.24 2.50 54.700 36,300 23.0 


1 () 88 0.047 0.18 0.26 2 32 61,000 37.600 23.0 


rk. Readings were taken at three or four points during each 
d averaged. The tool bit was the “A” bit previously described. 
most cases, fifteen cuts were taken before the bars became 
O10 3 © 6... reduced in diameter that the deflection due to the cutting forces 
| machi me excessive. The diameter of the bar after each cut was de- 
ce on tl © termined by the use of a micrometer, and the readings of the dial 
rhore 2° re corrected so they would correspond to the full size of cut de- 
ting at 74 © <ribed. The test data expressed as dial readings are shown gra- 
evoluti hically in Fig. 9, plotted over the distance from the surface to the 
‘one cl © center of the 0.010 inch depth of cut. 
1.025 i1 Bar No. 1 shows a typical machinability curve for malleable 
lation he © iron. The slight falling off of the curve at the surface is due 
machining © mainly to surface irregularities rather than spongy iron. The peak 
| urs at about 0.020 inch, and the curve then falls uniformly to a 
f the t © minimum value at about 0.140 inch. It has been found, on rectangu- 
from tl lar test bars, that this minimum value occurs from 0.100 to 0.125 
en tensil . uch from the surface in most cases. It is believed that the cylin- 
ndry, a © drical test bars used in this test decarburize to a greater depth. 
bars us \nother typical curve is shown for bar No. 3 in Fig. 9. For 
the wicdes ® bars 6 and 7 it is noticed the peak is much deeper in the metal, and 
[IT whic! ® the curve near the surface tends to flatten out. This indicates a 
f the ha ® ‘uch thicker band of nearly pure ferrite on the surface. The mini- 
— mum points of the curves are also nearer the surface, indicating less 
were first = (diffusion of the carbon from the interior to the surface. The 
the Jath » elongation in per cent in 2 inches shown for these bars in Table II] 
oth of tl B's 29.2 and 28.0, respectively, and is the highest in the group, being 


her than usual for average malleable cast irons. 
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Fig. 9—Influence of Decarburized Skin on the Turning Properties of Mall 
Cast Iron. Tool Dynamometer Dial Readings Obtained in Turning Malleabl 
f 


Iron with Tool ‘‘A’’, Plotted Over Depth from Surface to the Center of 
Inch Depth of Cut. 


A decided drop of the curve immediately at the surface, as 10! 
bars 2, 8, 10, and 11, usually indicates a layer of spongy oxidiz 
iron, probably formed by absorption of furnace gases. 
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——— , Humps in the curves are found for many of the bars, and are 
necially noticeable for bars 2 and 4+. These humps invariably indi- 


ncompletely malleableized iron, and examination under a 


icroscope will reveal free carbides and pearlitic layers. Often 
Odo specimens with less than 0.010 per cent of combined carbon in the 
a | erior matrix will show bands of nearly eutectoid composition near 
e surface and values of elongation are usually slightly lower than 

M 1 correspondingly well malleabilized iron. 
\n interesting point to observe is that, although specimens 
epee? were selected with total carbon contents ranging from 2.01 per cent 
r 1 bar 6 to 2.5 per cent for bar 10, there seems to be no correlation 
possible between carbon content and physical properties or machin- 
No.6 — ability. Machinability values seem to depend not so much on analysis 
is on structure and, in malleable iron, structure depends on the an- 
hile S nealing cycle, type of packing, and furnace gases present quite as 
rm * much as on analysis. It follows then that for similar irons, a simple 
ae | | machinability test of this kind will tell much about the iron and will 
No.9 — » indicate what changes, if any, might be made to improve the product 
to reveal the effect of experimental changes in the annealing 

Mele _| process. 
cee CONCLUSIONS 

_ In formulating conclusions of the experiments covered in this 


paper, it is necessary only to review briefly the results obtained. 

| |. The tool dynamometer has been found to work equally 
bk = well ina lathe or shaper. It is a comparatively simple matter to de- 
| termine an equation representing the cutting pressure as the func- 
» tion of the depth of cut and feed for a given speed and tool. The 
No. 11 formula 


mal | P = 38,700 F°-*" D9.» 


vas found to represent this relation when turning the interior of a 
0.120 — ‘ow carbon cold-finished steel. The formula 


P = 155,000 F°78 D°.%4 


rT \ 
lle ( 
of t vas obtained when turning an annealed S.A.E. 3150 steel. The ex- 
onents ot the feed and depth agree with those obtained in previous 
face, as 10! ; fests on a planer dynamometer. 
> oxidize ; ) Machinabilitv ratines as “m4 , “say as 
ry oxidize «. Machinability ratings as determined by using the simple 


Irning 


or shaping tests with the tool dynamometer described are 


142 

shown to agree remarkably well with machinability tests « 
by milling, drilling, and planing for nine metals of differ 
consisting of high carbon steel, medium carbon steel, fr 
steel, manganese bronze, cast iron, cast aluminum alloy 


bronze, and an annealed screw stock brass. The amount 


and the time required to determine the machinability rat 


the tool dynamometer are much less than are required 
methods of tests. 

3. It is a simple matter to determine the influence 
ting fluid when turning a given piece of material. The tink 
pense involved is very little indeed. When cutting a low car! 
rolled steel at 73 feet per minute with a depth of cut of 0.01 
teed of 0.0091 inch, it was found that lard oil produced tl 
cutting force. Cutting fluids arranged in order of increased 
force in pounds are as follows: lard oil, sulphurized minet 
sulphurized lard oil, mineral lard oil, 1 to 50 emulsion, mit 
containing oleic acid, a 1 to 10 emulsion, a light mineral oil 
water, heavy mineral oil, and dry cutting. The lowest cutti 


29.2 pounds, with lard oil, whereas the largest cutti 


produced was 
force with a liquid was 31.5 for the heavy mineral oil. Dry cutt 
shows a marked increase in cutting force to 34% pounds. 

\ different arrangement of the same cutting fluids was 
when arranged in order of increasing cutting force 1n pounds 
turning an annealed S.A.E. 3150 steel. Furthermore, the 
of the cutting oils was shown to vary with the shape of thi 
tool having a 15-degree front rake but no side rake produ 
minimum cutting force of about 40 pounds with a sulphurized 
eral oil, but a maximum force of 70 pounds when a borax 
used. All the other oils gave force values between these two 
When a turning tool having 14-degree side rake and &-degre 
rake was used, a minimum cutting force of 39.5 pounds 
tained with sulphurized mineral oil and a maximum of onl) 
pounds was obtained when cutting with borax water. The 
of the oils as they influence the cutting force when cutting 
nealed S.A.E. 3150 steel is not the same as when the low carb 
rolled steel was cut. 

4. The value of the tool for determining the cuttu 
acteristics of the skin or decarburized layer of malleable cast 


was shown. In turning chips 0.010 inch depth successively 


































DISCUSSION—CUTTING TOOL TESTS 643 


to the interior, the cutting resistance of the metal can be 
rermined and shown graphically. 
The authors feel that this simple and inexpensive tool can 
to advantage in determining absolute values when cutting 
ixed conditions, or comparative values when a variable is in 


] 
( 
lL. 
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DISCUSSION 


Written Discussion: By Alvan L. Davis, research engineer, Scovill 


icturing Company, Waterbury, Connecticut. 


neral ror many years Professor O. W. Boston has been successfully putting 
the tail of that elusive bird known as machinability. His contributions 
ve placed all of us who are interested in this subject under obligation to 


[he present paper is at once of established value due to the comparison 
; made with results of his extensive earlier work, which affords the back- 
| and setting for the present paper. 


tool dynamometer described should make possible the more general 


s 


ac fou testing of machinability by industrial consumers. The simplicity and relative 
ess of this new device, as well as its close agreement in results with the 
laborious and costly methods ot testing, should lead to its widespread 
ise. One principal use will probably be the checking of stock for use on auto- 
screw machines, and investigation of cutting fluids used therewith. 

oduec \n interesting fact brought out by this paper is the varying behavior of 
ed itting fluids according to the stock being machined. Thus with the “A” tool, 
et en turning S.A.E. 3150 steel annealed, No. 1 lard oil gives about 30 per cent 
pore ; cutting pressure on the tool than when using sulphurized mineral oil. 
is difference of 30 per cent agrees with the result of drilling tests by Boston 
ord, on $.A.E. 3150 steel, where No. 1 lard oil gave 25 per cent greater 
vas ol t power consumption, than sulphurized oil. With the “B” tool, on S.A.E. 
eanh o) steel, lard oil gives 11 per cent more cutting pressure than sulphurized 
oe neral oil as compared with 11% per cent greater pressure determined by 
ind Oxford for planer tests with these two cutting fluids. On the 
- ther hand, when cutting a low carbon steel, the “A” tool gives slightly less 
bon ! with lard oil than with the sulphurized mineral oil. 

we have an illustration of the fact that, in machining operations, 
—— inet as yet no way of telling in advance just what cutting fluid will be best 
riven job. It is still needful to “cut and try.” The tool dynamometer 

rove of value for this purpose. 

Written Discussion: By A. L. DeLeeuw, Plainfield, N. J. 


t 


o be regretted that certain terms are used in the engineering prac- 
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tice which have no definite meaning or which may have a variety of 


Such a lack of definition leads to confusion and retards progress. Oy 
terms is the word “machinability.” By some it is understood to 
relative amount of power required for removing a certain amount 
by others the relative tool life; and by still others the ease with wl 
sired finish can be obtained. 

The trouble with the three meanings which may be attached to 
“machinability” is that none of them stands entirely by itself. As ar 
one kind of steel may require only a very small additional amount 
for the removal of metal as compared to some other kind, but the tool 
the first kind of steel may be very much shorter, so that it is possibl 
that sample A is almost as machinable as sample B, and it is equally 
to say that it is very much less machinable. 

Comparing wrought iron with some high grade steel, for instance. 
S.A.E. 3120, one would come to the conclusion that it is much more n 
able; but if one tries to cut threads with a lathe tool or a die one finds 1 
is much less machinable, because in that case a certain excellence of fini 
of prime importance. However, by changing the shape of the tool it is 
sible to produce a very excellent finish on wrought iron, but such a tool wi 
not be practical for cutting threads on S.A.E. 3120. It may be said, 
with equal truth that it is not possible to compare the machinability of 
two metals when the object is the cutting of threads. <A _ similar condi 
comes up in the finished turning or milling or reaming of 45-point carbon | 
treated steel with, say, S.A.E. 3120. It requires somewhat less power, tool 
is about equal, but the finish is not so good. 

Another thing to be regretted is that in the nature of the tests made, sma 
depth of cut and light feeds are used. When taking a fine cut over 0.60 per 
cent carbon crucible steel, one obtains a good finish, the tool life is long, and t 
power required is about equal to that which is needed for lower grade steels 
but when heavy cuts are used, the tool life is much shorter, there is a sn 
but noticeable difference in power requirement, and the resulting suriace 
much torn up. When a cutting lubricant is used, we are confronted witl 
new set of conditions and when, in addition, we pay attention to 
malleable iron, and the nonferrous metals, we get such a mass ot 
and contradictory evidence that the word “machinability” loses its meant 

I have expressed myself a number of times at meetings of the Amer! 
Society of Mechanical Engineers and in committee meetings as to the 
ability of getting some fundamental knowledge of the cutting of metal 
we start with these fundamentals, we cannot hope to co-ordinate the various 
ingenious and well thought out experiments which have been made from tin 
to time, and to which Professor Boston has contributed so much. These ¢ 
periments are of undoubted value, but they lack insofar as they do not pom 
to principles upon which a complete structure can be built. 

Written Discussion: By Hans Ernst, research engineer, Cincinnat 
Milling Machine & Cincinnati Grinders, Inc., Cincinnati. 

The device proposed by the authors certainly provides a simple means 10! 
roughly determining the relative machinability of various work materials. 

a scientific instrument it is open to the obvious objection that the results 
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re affected by the exact shape and sharpness of the cutting edge, for 

' , criterion can well be established; but the close agreement between 

‘ these results and the machinability ratings determined by other methods, proves 

as a means for quick comparison, and for routine tests ot material 
rmity and ease of machining. 

routine testing against a predetermined standard, it will be necessary 

the wor 1) provide proper gages or templates to check the shape of the tool bit after 

nditioning. The deflection for a given load will also depend on the tight- 

§ the screws which hold the longitudinal springs; thus, in practice, it 


ess I 


ade , SMa 


r U.OU pet 





surtact 

ed wi 

cast ir 

confusing } may be found more satisfactory to replace the present assembly of blocks and 

; meaning springs with a single tool steel holder, suitably heat treated, and milled or 

\ merit broached transversely to provide the required flexibility. 

the desit : \n interesting point in metal cutting which is again brought out by these 

tal. Until : tests is the general relation between tool pressure and feed and depth of cut. 

he various 5 in the equation P = C F*D?, the exponent of D is always nearly unity, while 

from time the exponent of F is usually very much less than unity; thus showing that 

These « j metal may be removed more efficiently by thick chips than by thin chips. This 

s not point ; ‘ponent also varies, from one test to another, over a much greater range than 
the exponent of D. 

Cincinnat F (he reason for this relation is found by a study of the mechanism of chip 
f In the formation of a chip, the direction of crystal elongation, or ma- 

means {01 terlal flow, is always substantially perpendicular to the face of the chip itself. 

erials. A his clearly shown in the accompanying photomicrograph; crystal elonga- 


he ing 


results ol ion being evident considerably in advance of the tool point. In the case of a 
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thick chip there 1s a less uniform distribution of 
tion, and thus the 


done per unit volume 


TRANSA( 


crystal deformation 


is less than in the case of 














stress through th 


and consequently 


the thin chip. 


[t is apparent that small differences in the physical structure oj 


material even when of the same analysis, and small differences in tl 


the tool point, will 
through the chip section; thus the exponent of F 


considerable range. 


considerable 


variation in the stress 


( 


will inevitably y; 


\n important observation reported in this paper is the remarka 


ence between the 


designated as “A” 


fluids, when used witl 


there was a relati 


difference in cutting force between the best and worst cutting fluids. 


the tool “A” there was a very great difference. 


It is evident that in 


tion of cutting fluids we must carefully consider the exact shape of 


self. Apparently much additional work is necessary in this field befor 


properly select the “best” cutting fluid for any particular job. 


Written Discussion: 
schule. Aachen, Germany. 
The design of 
turning or shaping tool, developed by 


sents an interesting and ingenious method. 


I ri fesse ir 


Schallbroch, Technisc] 


simple tool for measuring cutting 
Boston and Mr. ki 


It is true that it uses 


cutting depth of only 0.03 inch and a feed of 0.009 inch, giving a « 


0.00027 square inch, which is very small. In spite of the large shaft dia 


inches), in many cases there occurred a heavy “chatter,” which would 


be further increased with the customary larger chip area. 


Some time ag 


performed experiments in Aachen with a sin 


paratus, in which the turning tool deflected a steel membrane, this 


being measured by 
0.08 inch and a feed of 0.008 inch the apparatus did not prove satistact 

The objectionable 
fluctuating forces by means of a purely mechanical indicator) was tha 
necessary indicator range of, say, 
the pointer could not follow 
thus making an accurate reading impossible. 

Moreover, the 
that a chatter occurs during the cutting process and the 


ceed evenly. On the other hand, if a larger lever arm transmissiot 


indicator. Even 


50 divisions 


unavoidable vibrations 


methods for measuring 


division 0.01 millimet 
with sufficient rapidity the fluctuations 


the tool are already 


connecting the indicator with the movable member of the mechanism 


the force is transmitted, 


within a certain 


be improved; furthermore, 

We therefore built a cutting-force-meter (tool for measuring cutting 
(cutting force indicator ) 
or sluggishness) electrical enlargement device, which operated by 
of the force from an elastic steel membrane. 
obtaining without chatter not only large chip areas (for example, 0.1 


inch) but also high cutting speeds 


tolerance 


vibration 


so-called 


the accuracy of reproduction of an indicator 
limits of accuracy ) 


needle will be increased 


“tragheitsfrei” (free fron 


4 


With this we were successtu 


feet per minute) 


. . . . . . . ° 1 
periences would seem to indicate that it is impossible to get reliable 





with a cutting dey 


work does not 


tral 








































results with mechanical indicators on the larger and very intet 

areas (over about 0.003 square inch) 

e these objections, we can agree that the authors have pr 

ument suitable for hght cuts, with which a certain “relative ma 
an be determined in a short time and with small consumption of 

Here it must be emphasized that only throu 


rce resultant (measurement of the single components in the thre 


eh measurement of th 


ctions will not even suffice) can complete knowledge of the machn 
a material be obtained. 
4 | 4 . _ nt-d 
supposition, however, 1s still not in accord with present-day expert 
order to have complete data on machinability, we must know th 


wl the sm«¢ othness of the surface of the piece being tested, as well 


foree Measurement of the cutting force does not give invariabl 
te information on the last two points. 
ermore, the suitability of a cutting fluid can be reliably determine 


simple cutting force measurement only when it has been proved 

he H : t the tool life and the surface smoothness have a fixed relationship to ih 
rce It is possible in this case, as is the general practice, to draw 

about the important questions of tool life and surface smoothnes 

Is. pI termination of the cutting temperature taken in combination with th 


surement. 


ip ar vgreement between the cutting force measured by this new instru 
meter (2.5 t and measured by other methods on a number of metals and cutting fluids, 
d prob s emphasized by the authors, should therefore not be interpreted as in 


complete valuation of machinability ; it indicates solely cutting forces 


imilat Nevertheless, this good agreement indicates that in spite of the difficulties 
flect rl Boston and Kraus have succeeded in developing a simple mechanical 

x dept! t or measuring cutting forces between about 12 and 65 pounds 

factor Written Discussion: By H. P. Croft, metallurgist, Chase Brass and 

ne ral r Co., Cleveland. 

iat f ithors have described a method for measuring pressures on cutting 


illimetet ch is very simple in its construction, but should be quite valuable in 
s in for : mparing relative machinability of similar alloys. In order to investigate it: 
asuring machinability of copper-zine alloys, the writer produced a 
> so great licate of this device. One slight change was made in this, which we con 
s not pI r beneficial, namely, a loose fitting tongue and groove connection between 
on is. built ind the tool bit holder which will prevent sideways thrust if using 
n to wl t bit with side rake. This fit is loose enough so that when well lubri 
or working 4 t t resulting friction should be negligible 
still cannot F Due to lack of time, only a few tests were made, but these were sufficient 
reased that in machining free-cutting brass rod, the cutting forces plotted as 
ting to uN ot the feed and depth of cut, are similar in form to those shown in 
rom inert . this paper. It was also found that the tool pressure is independent 
ransmiss tting speed in the range of 200-450 revolutions per minute, when ma 
uccesstul : l-inch rod \t 675 revolutions per minute excessive chatter was en 
0.10 s 
O several alloys show that the machinability, as measured by this 


imilar to that value Wi 


other methods. 





as determined by list 
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low the relative machinability, free turning brass rod being used as 
ard of 100. These tests were made under the following conditions 


Diameter of rod 1 inch 
Speeds, Revolutions Per Minute 200—30( 
Surface Speeds, feet per minute 52.5—78 


Feeds, inch 0.009 0. OF 
Depth of Cut, inch 0.020—0.03 


In the above table, we have included the average machinability a 
by turning practice of several manufacturers and the average rating 
alloys for all types of machining, including drilling, chamfering, , 


turning, milling, sawing, and other operations. This last column rey 


resent 


averages of experimental work and actual practice, and has been gathe 


from a number of sources. 
Machin 


ability 
Range 
Machin from 
ability Drilling, 
Rating Sawing 
Nominal Boston and 
Composition Kraus Chamfering 
Alloy Coppe r Lead Tin lool Tests 
Free-Cutting Brass Rod, 
Drill Temper 62.00 3.50 100 100 
Free-Cutting Brass 
Annealed Temper . 62.00 3.5 10-100 


Leaded Commercial Bronze 
Rod 89.00 2 - 90-125 


Brass Forging 60.00 
Leaded Chamet Bronze Rod _ 60.00 
Chamet Bronze Rod 60.00 


Corvic Bronze 98.50 


Oral Discussion 


A. Hurtcen.’ It would seem that with such an amplifying device as t 
authors have presented for measuring tool pressures in lathe turning, 
there would be such a considerable amount of vibration transmitted throug 
the amplification arrangement that a definite indicator dial reading would 
practically impossible, since in turning material not entirely uniform thes 
variations would be amplified, with the result, that the indicator hand would ! 
constantly shifting back and forth. 

It also seems, that in commercial practice we are seldom permitted to put 
piece of steel in that condition as will result in the least amount of tool pr 
sure in machining, there being other limiting conditions which practically det 
within fairly close limits the physical condition of the material. We ma) 
limited by certain physical properties of tensile strength, or ductility, or impac' 
or possibly, it is a matter of machine finish, or threading, which involve consid 
erations quite independent of obtaining a measure simply of tool pressuré 

We manufacture large numbers of forged valves and fittings for th 
refinery business wherein considerable pipe threading is involved 
the turning of metallic gasket seat-rings both of which require a 
finish. In this connection it has been found that the Brinell hardness mos 


\Metallurgist, Henry Vogt Machine Co., Louisville, Ky. 
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star nt to threading is not the same as that most adaptable to good finish 
| _and the matter of machinability resolves itself into a consideration of 

of factors rather than a single proposition. If the material were per- 

be in the best condition for threading, or in the best condition for good 

turning, or in the best condition for a minimum tool pressure, each one 

independent of the other, a simple test wherein the minimum tool 

<cyure was determined would be very desirable from the standpoint of 


atailies im tool pressure, but would be entirely without significance in ascertain- 

f thes ne the condition best for threading, or the condition best suited for finish- 
ing oft : turning. In this connection it is the writer’s experience that very few parts can 
represents he considered which do not have at least several factors which must be con- 
gather sidered from the standpoint of machinability, and that condition which lends 
tseli most toward the machinability on one operation retards the machinability 


other operation. 

[he writer is not convinced of the practicability of such a device in of- 
ring a means of securing accurate data which will be of particular significant 
ice excepting for such operations where every consideration regarding the 
ng Machir material will subordinate itself in order to obtain a certain tool pressure. Even 
te there is a question as to whether the excessive chatter transmitted through 
he amplification arrangement will permit a definite reading on the indicator dial. 
[ shall be very glad indeed to have the authors give me any enlightenment 
the way of explaining how this test and the proposed device may be effectively 
| economically used for determining the best condition of a single part which 
to be threaded as well as to contain non-chatter finish grooves, the threads, 
course, being free from beards and of good finish, such as is required by the 

2 , leading oil refineries in pipe line equipment. 


Authors’ Closure 


ae Mr. DeLeeuw has raised some questions as to the meaning of the word 


machinability. This paper was not written for the purpose of discussing 


Seige efinitions of that term. The title of the original paper was changed from 
a * . \ Simple Cutting Tool for Measuring Pressures in the Direction of Cut” to 
worm — “Machinability Measured by a Simple Tool” for the preprinted abstract in 
id would | [etal Progress of September, 1932. This over-emphasized the term machin- 


bility 
ted pe The term machinability covers several different things which, unless spe- 
. tool r ‘ally stated, may lead to confusion. In the paper under discussion, it seems 
ically “ here can be little confusion as to the meaning of this term. It is used speci- 
we fically in several different ways. One shows that the machinability ratings of 
or 10 


several metals when tested by each of several different processes, such as planer 
Ive consid . tonl £ . ia , ; ; : 
53 ; iorce, drill torque, milling energy per chip, and drill penetration, give sub- 


ssurt poacinn® oT ° ° . . 
— stantially the same results. The cutting tool in each type of test remains the 
r tne : - . ° : 
oon : same tor each of the metals tested. Again, the cutting properties (as expressed 
as WC!) } Y sate . ° P : * . : : ¢ 
: resistance to cutting) of a given steel are determined with a constant tool 
Tit ( 


shape when several cutting fluids are used. These values are then again ob- 
tained when using a second form of tool, showing that machinability ratings, 


P| 


cvenl as expressed in resistance to cutting, vary with the shape of the tool used. 
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Other methods of expressing machinability, such as by the life of 
of tool when cutting these materials, were not involved in this paper 
be interested in tool life, finish, cutting temperatures, cutting p 
other property. A specific test for each purpose must be conducted 

The Society’s Committee on Machinability of Steel, of which tl 
chairman, is now preparing a definition of machinability and att 
present pertinent data relative to this broad field. The Committ 
preciate comments and advice from any one interested. 

The authors agree with Mr. DeLeeuw’s closing remarks as to 
bility of obtaining fundamental knowledge of metal-cutting proc: 
subject deserves united cooperation. The industries, however, appa 
that such investigations are not worthy of their financial support and 
the matter largely to a few individual investigators. Until the funda 
metal cutting are known, no scientific basis for metal cutting can be 

Mr. Ernst has made a suggestion which already had been car: 
the authors. The tool dynamometer as illustrated in the paper has be 
using a single piece of oil-hardening tool steel and machining an 
the solid piece so that the tool bit carrying end is attached to the sha 
springs consisting of the original bar. Tools of this type have bee: 
give absolutely straight calibration curves, representing the dial-gage defk 
as a function of the load on the tool point. They were made slightly 
than the tool discussed and so have given satisfactory results when cutti 
higher speeds and when taking heavier cuts. These newer tools, just 
described in the paper, have been found to cut entirely satisfactoril 
without vibration, when moderate speeds and sizes of cuts were used 
capacity of each tool is found by observing that speed or that size of cut 


causes the dial gage to start vibrating excessively. Until this « 


reached, there is little trouble in obtaining duplicate observations. Th« 


which can be obtained with this tool, even when taking such light cuts, is s! 
by the close agreement between the formula for cutting pressure as detern 
by the simple tool and that of a large planer dynamometer on which cut 
to 10,000 pounds can be made. 

The discussion by Dr. Schallbroch is very interesting indeed. 
of the similar experimental device built by him corresponds very tavorabl) 
the results obtained by the authors with their tool. It is appreciated 
with this small tool only the resistance to cutting as measured in the dir 
of cut is obtained. It is also appreciated that the measurement of this cutt 
resistance may or may not have a bearing upon the general machinability 
metal as expressed by the finish of the cut surface or the cutting life ot 
tool. As mentioned in Dr. Schallbroch’s discussion, the tool was devel 
and has been used, it is believed, successfully, in comparing the macl 
properties of various materials. As pointed out in the paper, the tool 
in the size of cut at which it will function properly and it also was pointed 
that chatter occurred when the speeds were high. This is not consider 
being objectionable for tests of these types. Such a tool is used princi 
getting a hasty opinion as to the machining properties of various met 


removing only small amounts in a short time. 
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esults obtained by Mr. Croft with a tool constructed by him which 1s 
that described in the paper are interesting indeed. The machinability 
wn by the different methods in his table, are remarkably consistent. 
remarkably uniform, particularly when it is realized that the manu 
turning practice is based on tool life and that the second type ot tests, 
machinability range from drilling, sawing, and chamfering tests, covers 
e a range of types of cutting. If such constant results can be obtained 
se of this small tool, it seems that the tool is very valuable indeed as a 

nspecting the quality of incoming material. 
\ir. Hurtgen apparently does not accept the results of the experiments 
ted by the authors. It is true that the indicator of the dial gage did not 
stationary at a fixed deflection during a given test. Its motion, how 
when the cuts were within the area of cut and cutting speed range, was 
ed to a range of a few thousandths of an inch on the dial gage. The range 
ied out vibration increases as the size of cut becomes large or the cutting speed 
een reby mes high. By a large cut or high cutting speed is meant that cut or cutting 
“H” fi speed which causes excessive vibration of the dial gage needle and makes fairly 
by t rate readings difficult. Not only did the teol described work successfully, 
found { S §6but one built later for slightly heavier cuts worked even better because of the 
deflect traight line calibration. Those made by Messrs. Croft and Schallbroch also 

tly he ® <eemed to give favorable results. 

1 cutting [his tool dynamometer is not recommended as a “cure-all” to eliminate 
as the t ficulties in machining a part by various processes. It is realized that the 
ily, that tting pressure would not necessarily indicate the quality of finish which a 
used ; aterial under a given condition might provide. That shape of tool could be 
f cut y ; md which would give a desirable finish when assisted by a suitable cutting 
capacit iid. The authors gave certain information obtained from experiments to show 
he accut the influence that different cutting fluids have on the cutting force as determined 
ts, is sl S by this simple tool. No information was given as to the influence of these cut- 
detern ® ting fluids on the finish produced, as it is felt that finish, like tool life, is quite 
ich cuts S independent of the cutting force, except possibly in a few specific cases. Just 


Messrs. Ernst and Davis have summarized in their discussions, there ap- 


he res : ears to be as yet no way of telling in advance just what cutting fluid will be 
orably wit F st for any given job without the cut and try preliminary test. Neither does 
eciated B there appear to be any single method of test which can be applied to determine 
he direct s the condition for best machinability for different processes or for different pur- 
this cutt P ses fa given process, such as be st tool lite, surface finish. lowest power, etc, 
bility of t ‘he authors are grateful indeed to those who have contributed to the dis- 
e of a gi 1 ission of this paper, to raise questions, or confirm the practical use of the 
s develo f tool. While many types of tests and pieces of testing equipment are available 

machit : r use in connection with machinability problems, the tool described was de- 
ol is limt = veloped as a simple and quick means of throwing light on the subject of machin- 
pointed out : lity, which has been found to be of value. The results with this tool appear 
nsidet gS to De value only when they are directly comparative, showing simply that 
incipally ¢ material or one cutting fluid or one variable is better than another unde 


conditions of the test. 


DATA ON SOME SPECIAL STEELS FOR MACHINE 
BARRELS 


GUN 


By V. V. DESVESHNIKOFF 


Abstract 


Stcels used in this investigation cover various pr 
ing alloy steels which were tested against the world 
standard barrel steel, and the work was, of course, 
fined to those properties which might have a bearing 
the service behavior of the gun barrels. Erosion (effect 
of sustained firing) and the accuracy of fire (registerin 
the effect of this factor) tests were used and both micro 
scopic and marcoscopic examinations of the fired barrels 

made, and the findings correlated. 


ra. work herein described was begun about ten years ago wm 
the counsel of Captain Fleming of the Ordnance Departn 
U. S. Army, and the late Dr. G. K. Burgess, Director, Bureau 
Standards. The paper is an account of an investigation that 
carried out at the Bureau of Standards with the cooperation of 
Office of the Chief of Ordnance, U. S. Army. Other participants 


active in the work in other divisions of metallurgy were V. W. Bil 
man,’ A. L. Boegehold,? Sam Tour* and J. S. Vanick.* — It is belie 


that the information herein contained may assist those desirous 


continuing the study of the subject. These data also will give st 
manufacturers added knowledge of the requirements for steels us 
for rifle and machine gun barrels. 

The purpose of this investigation was to study the effects 
the various metallurgical factors and the chemical compositions 
the resistance of steel to erosion during gun firing. There is | 
generally accepted explanation as to what fundamental or character 
istic properties the erosion resistance of steel is dependent uy 

1Pirector of Research, Wheeling Steel Corp., Wheeling, W. Va. 

*Research Metallurgist, General Motors Research Corp., Detroit. 
‘Vice-President, Lucius Pitkin Co., New York. 

*Research Metallurgist, International Nickel Co., Inc., New York. 

This paper is based upon data obtained in an investigation conducted at the Bur 


Standards and represents an abstract of an elaborate series of reports to the Ordna 
partment, U. S. Army. 


The author, Captain V. V. deSveshnikoff, is a consulting engineer, forme! 
associate metallurgist with U. S. Bureau of Standards, member of the 
High Military Commission to U. S. A. in 1916. Manuscript received Mar 
4, 1933. 
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\E GUN : 
\Vear of a gun barrel consists essentially of the gradual enlarge- 

the bore until the rifling is destroyed and the projectile loses 

+; yelocity and proper speed of rotation and consequently its 

curacy. Erosion to an oversized barrel is due to a combination of 

wearing action of the bullet and the scouring blast of gases. 

Phe 
umber of barrels for the Browning machine gun from each of a 


investigation consisted of the manufacture and test of a 


series of steels practicable from the commercial aspect as well as 
eing supposedly suitable for the particular purpose in view. These 
jerimental barrels were fired to destruction under careful obser- 


ra 


1 ing ition and an effort made to correlate characteristic physical prop- 
Cro S erties of the steels with the behavior of the barrels during the firing. 
) The steels used in the investigation included various promising 
lloy steels which were tested against the World War standard barrel 


(high manganese-carbon ).°. The chemical compositions desired 


certain cases involved definite modifications of certain of the 
hemical constituents one at a time so far as feasible for the purpose 
= { determining the effect, if any, of the constituents in question. 
alias Most of the steels were made by the crucible process, but several 
‘ame out of commercial stocks. Each heat was cast into a 4-inch 
uare ingot and rolled into a 1.5-inch round. 
i There is given in Table I a list of the various steels used, to- 
oa co gether with the identification number assigned to each steel. The 


a ading at the top of each of the various classes into which the steels 
cod e re grouped indicates the elements which were varied, the other ele- 
— ments being held, supposedly, constant. 
ia | Special Properties of Materials—The study of the properties 
a, { the chosen steels was naturally confined to those which, it seemed, 
wie : ight have a bearing on the service behavior of the barrels. Ease in 
i thos lorging, rolling and machining are fundamental requirements. In- 
‘egg formation relating to these properties, however, is gained by obser- 
| vation during the various necessary operations involved in the 


manutacture of the barrels rather than by special tests. 


All carbon steels were treated to develop the following minimum 


oe — ‘equirements—a limit of proportionality of 75,000 pounds per inch 
Ordnance | when stressed in tension and an elongation of 20 per cent (2-inch 
oo page length). These values were set as the minimum which any of 
the Russ the alloy steels would be expected to show. 

eived M 


standard machine gun barrel steel is: Carbon, 0.45-0.55; Mn 0.50-0.80; 
1.040; Si 0.10-0.35; Cr 0.40-0.60 per cent. 
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Table Il 
Intensity of Erosion Cracking in the Different Barrels 


Number of cracks per unit Maximum Depth 
length of arc of the bore of Cracks 
Magnified 
SU mm 
(6)* oe 
(6) ( 1.53 
(6) 46 2.45 Segregation 
(6) 1.25 
(6) 1.60 
(9) 3 1.60 
(7) ) 1.46 
(3) 1.09 
(none) 3 0.76 
(none) 0.62 
(6) ) 30 


B49 


»9 


00 
.85 
.16 
eo 
24 
RS 
2.91 
.60 
) cae 
3 .40 
25 (6) 67 .69 
28 (none) 67 .69 
7 (none) 61 .62 


IWY 


fe fm fm fm fli fl ifn fm 
t 


(5 


5 
) 


} 


Number of cracks exceeding 0.80 millimeters deep are reported in parentheses. 
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Z 
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chanical Properties—The mechanical properties for the vart- 


els of the chosen heat treatments are recorded in Table I. 


Manyganese- 


barrel blank was treated prior to the boring and finishing opera- 
It was also found necessary, on account of machining diff- 
s experienced with stainless steel barrels, to heat treat the 
ls from a “replacement” heat after the original barrel stock had 
destroyed in drilling. 
The barrel stock, received as 1.5-inch rod, was rolled into barrel 
ks with the special barrel blank rolls at the Springfield Armory. 
full length blanks were obtained from each of the steels and 
another blank a few inches short at the muzzle. All six of 
blanks were heat treated at one time. The short barrel blank 
used for chemical and physical test purposes, the other five being 
ble for the manufacture of barrels. The barrels, when finished, 
re of standard design for Browning machine guns, and were made 
usual manner in the shops of the Springfield Armory, except 
rticular care was taken in the finish reaming and rifling to 
minimum permissible diameters between lands and grooves. 
| Tests—Two tests were deemed to be necessary, 1. e., the 


test and an accuracy of fire test. The objective was to 
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correlate the results of these tests with the properties of 
The erosion test was intended to determine the eff; 
tained firing upon the rifling of the gun. Observations 
sure, velocity, barrel temperatures and physical dimens 
included as part of the program. Continuous fire was i 
periodically to measure the rifling, etc., after cooling and 


All barrels were star-gaged and plug-gaged at the beginning 


after each 2000 rounds up to 6000 rounds and thereafter ; 


ae 
ter eac 


1000 rounds. Wax casts of the chamber were taken after every 20 


rounds up to 6000 rounds; then after every 1000 rounds M 
completion of the test the barrels were sawed open lengthwise 
photographed. Wax casts were also photographed for purpose 
record. Velocities were determined by taking the mean of ten shot 
from each barrel at the beginning, after every 2000 rounds up to 600 
rounds, then after every 1000 rounds. The taking of velocities was 
discontinued after 10,000 rounds. Temperatures were taken & inches 
from the bullet seat toward the muzzle after every 2000 rounds 

The accuracy of fire test was expected to register the effects 
erosion upon this factor. Efforts to approximate extreme conditions 
required that there be no stoppages for cooling or cleaning. The: 
fore, 3 to 5 targets of 50 shots each were taken from a screen || 
feet from the muzzle, while the gun was hot and firing automaticall 
at the maximum rate for sustained firing. Vertical and horizonta 
dimensions of the shot groups on each target were measured at 
beginning of the test and then after the finish of every 20 
rounds up to 6000 rounds and subsequently upon the close of ever 
1000 rounds until the shot groove dimensions were considered t 
ereat. All firing was done from the Model 1918 tripod mounted 
a T-base and held by sand bags. All barrels were finally fired 11,0 
rounds regardless of the limit of their accuracy life. 

Macroscopic Examination of Fired Barrels—A study of 
macrostructure of the split barrels, after firing, was made at th 
Bureau of Standards for the purpose of determining the physical 
homogeneity of the various steels and the degree of “fiberizatior 
The investigation as a whole, however, has confirmed the assumptio! 
made here, that the firing influences the surface metal only, so that 
the macrostructure of these fired barrels is identical with that of th 
initial stock. The examination indicated, as might be expected, tha 
the barrels forged from the special heats, which were relatively sma 
(100 pounds) as compared with the regular ingots used for machit 
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rel stock (5000 pounds), showed that the original dendritic 
structural pattern had not been entirely replaced by ‘‘fiber- 
‘by the working of the steel from the ingot into the 1.5-inch 
stock. Chromium-vanadium, stainless and standard steels 

Barrels No. 5, 20 and 1) were not made special, but were worked 
wn as customary in usual steel practice. The advanced position in 
ms of “accuracy life in rounds” in which these steels finished 
emonstrates the importance of the “working down” factor in the 
steel mill and is confirmed by the macrostructural characteristics. 
The results cannot be summarized in graphical or numerical 
rm \ secondary but important feature is the characteristic 
surface cracking of the bore surface which results upon firing. The 
nredominance of rather long prominent cracks extending in a longi- 
idinal, spiral direction in the grooves and of numerous short parallel 
transverse cracks on the “lands” are apparently related to, if not 
entirely determined by, the tracks of cutting tool edges left in the 
surface after machining these two different parts of the bore. 
Wicroscopic Examination of Fired Barrels—In addition to the 
acroscopic examination of sections of the fired barrels for the 
letermination of the structural and chemical changes which occur in 
the surface metal aiong the bore of the gun, a study was made by 
neans of the microscope of the intensity and distribution of the 
surface cracking. This was carried out on 28 barrels which had been 
tired under similar conditions to a total of 11,000 rounds in each case. 
The point at which the attack is most severe lies approximately 

0.6 inch from the origin of the rifling.6 The number and depth of 

the “erosion” cracks vary with the character of the steel. In Table 

[| are summarized the results obtained in the examination. 

lable III gives the average accuracy records of the various 
barrels after being fired 2000, 4000, 6000, 7000 and 8000 rounds. 
In comparing the accuracy targets for the different barrels after 

he same amount of service, the degree of “clustering” of the shots 
was used as the criterion in making the arrangement rather than the 
method ordinarily used for expressing “accuracy” in such cases. In 


"Ty 
| 


lable IV is given the order in which the various targets stand for 
each series (B and C) after 6000, 7000 and 8000 rounds. 

In Table V is given the velocity records of the barrels reported 
upon by the Springfield Armory. The loss in velocity, as based upon 


leSveshnikoff, “Some Factors Affecting the Life of the Machine Gun Barrels,” 
Pustications, No. 191, Bureau of Standards, p. 18. 
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6000 rounds 

Barrel No. 
2C 
19C 
19B 
a 
9B 
iZc 
17C 
1c 
4C 
9C 
5C 
5B 
20C 
17B 
13B 
13C 
20B 
6B 
4B 
8C 
16B 
2B 
12B 
3B 
8B 


he initial value, that 1s, 
the actual velocities, 
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Table 


Accuracy Targets Arranged in order 


IV 


7000 rounds 


Barrel 
19C 
5C 
t7G 
20C 
SG 
9C 
20B 
133 
12C 
17B 
4C 
5B 
9B 
19B 
2C 
1B 


No. 


BARRE] 


Ry l EEL 





of Efficiency 


8000 rounds 9000 rounds 
Barrel No. Barrel No 
L7& 20C 
20C 
5C 
3C 


velocity at the beginning of the test, rather 


is given as an aid in comparing the different 


ecords. Measurements of the barrels in various stages of erosion 


gag 


‘ measurements) were charted graphically. 


The diameter 


easured on the lands and grooves was plotted along the length of 


1 | 
the barrel. 


its in 


The normal wear of the bore surface, when plotted, re- 
a line of fairly uniform slope from the muzzle end, where 


wear is least (ordinarily), to the breech end where the erosion 


is greatest. 


The progressive wear of the barrel after firing results 


a family of curves of the same general shape, placed one above 


thi other. 


as might be predicted, than in the grooves of the same barrel.‘ 


Without exception, the wear on the lands 1s much greater, 


The 


irea under each of the curves was measured by means of a plani- 


eter, thus giving a measure of the volume “wear” of the different 


barrels fired for the same number of rounds as well as the progressive 


Weal 


tor any particular barrel during its life. 


Aside from giving 


general idea of the dimensional change of the bore at the breech 


ation of any value. 


HNICAI 


PUBLICATION, 


and the muzzle end, the measurements do not appear to yield in- 


They are not reported here. 


No. 191, 





Bureau of 


Standards, 


p. oS, 
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Table V 
Per Cent Decrease in Velocity After Firing 


Barrel Velocity at Decrease Decrease Decrease 
No. beginning after after after 


2000 4000 6000 
2632.0 1.14 2.26 3.18 
2605.8 0.28 1.07 2.10 
2612.0 0.69 cau ®, 
2609. 0.53 ; 
2655.5 2.01 


3 

8 

2612. 0.54 be A 
cn 4 


+ 
~ 3 Q5 
) 


2623. O.5/ ‘ 
2620.1 0.68 
2601. 0.38 
2618.8 0.79 
2635. 0.48 
2668.5 0.36 
2654.3 1.41 
2618. Q. 
2629. O.88 
2616. 0.31 
2622.8 0. 
2613.0 0.37 
2640.0 .44 
2665.1 .07 
2622.0 88 
2660.0 26 
2640.0 
2644.8 

20C 2643.0 


SC 2665.2 


*Arrangement based on decrease in velocity after 7000 rounds. 


RESULTS OF INVESTIGATION 

The scope of the investigation changed considerably during tl 
progress of the work. Many of the changes were unavoidable. Hoy 
ever, two main purposes were in mind when the investigation 
instituted and the various tests were planned accordingly. 
were, first, to find a steel having erosion resisting properties 
used for machine gun barrel construction superior to those of 
steels which were used for this purpose by the U. S. Army; second, 
to determine upon what fundamental characteristic properties of 
steel ‘erosion resistance” depends. Although the investigation | 
not given results which will permit complete answers to the quest 
which started it, the results obtained are of considerable value ai 
interest in adding to our previous knowledge of the life ot 
machine gun barrels. It is evident from the results obtained 
there are notable differences in behavior of the different barrels 

In ranking the barrels with respect to erosion, it 1s most co! 
venient to compare them with the standard at that time, barrel No 


Of the barrels tested, No. 20, 17, 5 and 3 were superior to the “No 
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the first three being distinctly so. They all showed less wear 
lands and grooves at the breech section of the bore. For many 

others, including barrel No. 1, the rifling was completely 

way for a distance of several inches at the breech and with a 

lerably smaller number of rounds fired. In accuracy, all the 

s listed above surpassed barrel No. 1, the comparison being 

hased upon the condition of the targets. ‘The depth of penetration 

the erosion cracks was also considerably less in most cases and the 
ease in velocity noticeably less. 

It is evident from the tests that superiority of the different steels 

ver barrel No. 1 is associated with the differences in composition ; 

rely, stainless and manganese-nickel steel, are the outstanding 

erformers followed by chromium-vanadium types. Of these, No. 

%). 5 and 3 are commercial steels worked down from large ingots 

hich undoubtedly influenced their favorable performance. 
Of these four steels, the stainless steel (No. 20) was the best 
the lot. The chromium-vanadium and carbon-vanadium steels 
closely approximate commercial compositions. The nickel-manganese 
composition is commonly made into castings, but its unusually good 
record in wrought form for gun barrel service is noteworthy. The 
tensile properties were of little value as a performance index as 


they exceeded the usual minimum physical requirements. 


tring th \ feature observed in the barrels listed as giving superior results 
» How § which may be of some significance, or at least is believed to be worthy 
tion was i consideration, relates to the behavior of the steels upon heating, as 
Thes » recorded in the expansion curves. Steels No. 20, 17, 3 and 5 are of 
“eo s the type in which the cooling or “down” curve is either coincident 
ie ok th § with the heating or “up” curve or close. to it for equal cooling rates, 
- second, » thus indicating small, if any, permanent dimensional changes result- 
ties of a B 6 6ing from the transformation in the steel. All of the steels which 
ation has » showed a relatively wide gap (permanent dimensional change) be- 
questions tween the “up” and “down” curves in the expansion measurements 
value al B gave inferior results in the firing tests. Certain steels were eliminated 
co wt ti ® without finishing their firing schedules because the barrels became 
ained that ® swollen or bulged while hot, during firing. 
arrels ; lhe disqualifying of a gun due to a bulging barrel or similar 
most co use appears to be more closely related to the mechanical pre yperties 
-rel Ni the steel at low and elevated temperatures than is the erosion re- 
the “No. | @ sistance. \lthough bulging was not encountered in all the steels 


he raven - : : . 
the lower tensile properties, the cases which did occur were 
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confined, for the greater part, to such steels, mostly low cai 


An attempt was made to correlate the temperature ob 
made on the barrels while still hot from firing with the p: 
“wear” record obtained by means of the star-gage measurei 


without any degree of success. It is of interest to note, 

that at times temperatures considerably above the average 
tained for some of the barrels listed as superior. Thus the 

ture of barrel No. 3 was at one stage reported as 1050 deer 

and later 1380 degrees Fahr., while barrel No. 1 reached 
erees Fahr. at one time and barrel No. 20, 1025 degrees Fahr. 

in cases of exceptionally high temperature observations, 2000 deg: 
Kahr. or more (barrels No. 9B, 12B, 13B), nothing exceptional 
striking was found upon gaging. 

A commercial stainless steel of the 14 per cent chromium 
showed least erosion and greatest accuracy. An experiment 
manganese-nickel steel containing about 1.25 per cent manganese 
per cent nickel and rather high in sulphur (0.077 per cent) led 
remaining low alloy types and indicated possibilities in its develo 
ment for machine gun services. Warehouse grades of chromiu 
vanadium and carbon-vanadium steels came next in line and 
phasized the importance of commercial processing since (with t 
stainless steel mentioned above) they were the only steels rolled int 
bars from mill-sized ingcts. 

Expansivity versus temperature curves suggest that steels, wl 
upon cooling retrace the course of their heating curves, produci 
the smallest dimensional changes in passing through the thern 
transformations, demonstrate superior performance in the firing tests 

Mechanical properties where merely set to acceptability 
the prevailing barrel steel specifications failed to disclose any 
portant relation between the life of the barrel and the different stee! 
It is probable that the raising of the tensile strengths to higher lev 
in those steels which could afford to sacrifice some ductility wou! 
improve their service. Bulged barrels or overstressed bar 
occurred only in the weaker, lower carbon steels when heated rathe 
hot by sustained firing, indicating the importance of elevated ter 
perature strength of at least the short time test type. 
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, MICROSCOPIC STUDY OF STEEL WITH POLARIZED 
LIGHT 


By Yap, Cuu-PHAY 
Abstract 


This paper describes some photomicrographic studies 
ade by the use of polarized light. The purpose of the 
present investigation was to study the value of a polarizing 
icroscope in revealing the structural phases in quenched 
and tempered steels in the light of present day knowledge 
tained by other methods. The method of preparation of 
the specimens is discussed. The results obtained are 
reviewed in detail. 


ALTHOUGH the polarizing microscope has been extensively used 
A in mineralogical studies of thin sections, its adaptation to the 
reflection method of study of opaque samples has been less general, 
as the underlying theory is not so well understood. The pioneer 
work on the effects of polarized light on opaque minerals is due to 
Koenigsberger,(1)* Wright,(2) Schneiderholn,(3) Osborne,(+4) 
Fairbanks(5) and Sampson(6). The most recent improvements 
in the technique of examining opaque minerals must be attributed 
to Sampson, according to Short(7). 

(he use of polarized light in the study of alloy structures was, 
insofar as the writer is aware, first suggested by Hanemann(8). 
Heindlhofer and Bain(9) evidently made some preliminary ex- 
iminations of quenched steel. Recently, Primrose(10) and von 
Schwarz(11) made use of the polarizing microscope in a metallo- 
graphic study of nonferrous metals. No systematic study of steel 
has ever been undertaken. In order to answer the question “what 
does a polarizing microscope reveal regarding the structural phases 
in quenched and tempered steels, in the light our present day knowl- 
edge obtained by other methods of investigations?’’, the writer 


undertook a systematic study of the problem. In spite of the tre- 


Facilities for this investigation were provided ‘the writer by the Department of Chem 
Washington Square College, New York University, through the kindness of Prof 
m IF. Ehret. 

figures appearing in parentheses pertain to the references appended to pape1 


author, Yap, Chu-Phay, is a member of the society. He is associated 
Research Institute of Physics and Chemistry, Directorate of Ordnance, 
of Military Administration, Nanking, China. Manuscript received 
March 18, 1933. 
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mendous amount of work on the structural phases in quen 
and the behavior of the phases with respect to thermal 
no general agreement prevails. As will be shown, the evi 
tained with polarized light, when properly correlated, will by 
value in aiding us to clarify some of the controversial points 

As Short(7) gives the complete details regarding various met] 
ods of using polarized light in the study of opaque substances, 
shall discuss here only the more fundamental points involved. Opaqy 
minerals and metals belonging to the isometric system are natural 
isotropic when examined with polarized light, while a polished se 
tion of an anisotropic substance will show a change of color 
change of intensity of light during a 360-degree revolution 
rotating the stage of the microscope. Some minerals show fou 
extinctions during the revolution, thus behaving like anisotropi 
transparent substances when examined in polarized light by trans- 


mission. The cause of this phenomenon is not well understoo 


although Sampson(6) properly suggests that it is due to light al 


sorption being different in certain directions from others, i.e., it 
analogous to pleochroism in a transparent mineral. The usual cas 
is that only two extinctions are observed. In a rotation of the stag 
the mineral sample first rotates the plane of polarization to the right 
up to a rotation of 90 degrees when the plane of polarization wil 
be rotated to the left, i.e., in a complete rotation of the stage the 
are two rotations to the right and two to the left. 

There are three ways of detecting anisotropism as discuss 
by Sampson(6), first, with the analyzer in the crossed posi 
tion; second, with the analyzer slightly rotated from the cross 
position and third, by the use of the Wright biquartz wedge anc 
nicol. Short claims the first method is the least sensitive, althoug! 
in the case of steels the writer discovered that by the use of a cobalt 
blue glass as a light filter, the change in the light intensities becomes 
sharp whether the nicols are completely crossed or not. 
apparatus used by the writer—a Reichert (Austrian-made), with 4 
special attachment for the polarizer and the vertical illuminator 
the analyzer is fixed but the polarizer can be rotated. In general, 
however, it is best not to cross the nicols completely, especially whe! 
photomicrographs are being taken. 

The amount of rotation produced by an anisotropic mineral 


ranges from zero to a maximum (depending on the direction of MH 
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lished section with reference to the orientation of the particular 
‘yeral under observation), which is a characteristic of the mineral. 
he measurement of the maximum angle of rotation in polished sec- 
attended with such great difficulties as to make it practically 
vorthless. The writer has availed himself of the monograph by 
Short in giving the details of the method, because the clarity of his 
resentation could not be improved on. Anyone wishing to under 
take the study of alloy structures by means of polarized light 1s 
sed to study this monograph. 

[wo steels, containing 0.8 and 1.2 per cent carbon, were used ; 
the former was quenched in water from about 1200 degrees Cent. 
2190 degrees Fahr.), while the latter was quenched in oil from 
1100 degrees Cent. (2010 degrees Fahr.). The quenched samples 
vere polished with the least amount of cold working, as well as sur- 
face tempering. In all cases of repolishing, the samples were re- 
sround on OO French emery paper, as ordinary wet-cloth polish- 
ng merely produced a thin, apparently amorphous surface with 
out completely removing the previous polished surface which had 
been altered by the action of the acid etchant. Thus, in a steel in 
which Fe,C is already precipitated in colloidal dispersion, the acid 
etchant not only removes the apparently amorphous surface, but 
ilso attacks the colloidal Fe,C forming complex hydrocarbons. Hence, 
repeated etching should be avoided. It was likewise found after 
considerable trial that a very light etching with a solution of one 
per cent nital (HNO, in alcohol) is the best method of removing 
the superficial film without unduly altering the true structural fea- 
tures of the samples. Also a very light etch can be much more easily 
controlled, so that maximum contrast may, therefore, be obtained. 

The reason an 0.8 per cent carbon steel was used is that it gives 
on quenching a structureless martensite or hardenite, and is there- 
lore an interesting structure to study. 

|. a—~Martensite—Although in ordinary light, the structure ap- 
pears homogeneous, in crossed nicols, however, it is observed to be 
highly anisotropic as shown in Figs. 1 to 4. It apppears that when 
a steel is quenched from a high temperature, the coarse-grained 
austenite (due to grain growth at high temperatures) is transformed 

“blocks” to a—martensite, another solid solution. In the writer’s 


NINiMYH 
UVITLIOT) 


Heindlhofer’s and Bain’s observation(9) that a—martensite 
iS coarse-grained is correct, although it is somewhat doubtful if the 
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Fig. 1—Structure of a—Martensite 0.8 Per Cent Carbon Steel in Polarized Li 
in the Position of Maximum Extinction of an Apparently Large Grain. 

Fig. 2—Same as Fig. 1 but in Ordinary Parallel Light; Note Absence of 5Stru 

Fig. 3—Same as Fig. 1 in Crossed Nicols and Rotated a Few Degrees. Gra 
Composed of Several Units. 

Fig. 4—Same as Fig. 1 in Crossed Nicols and Rotated a Few More Deg! 
Which Were Dark Are Now White, and Vice Versa. 

Figs. 5 and 6—Structure of a-Martensite in Parallel and in Polarized 
Photomicrographs x 190 
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rain” is applicable in this instance, as the grain boundaries 
well defined. Often the dark areas in a—martensite become 
nt with neighboring parts upon rotating the microscopic stage. 
rhe mechanism of transformation of austenite to a—martensite as 
posed by Kurdjumow and Sach(12) should lead us to expect 
orale boundaries to be somewhat regular, but this was not the case. 
Qn the other hand, twins in a—martensite appeared frequently (Figs. 
5,6 and 15), although most of them were either badly deformed 
r incompleted. It should be mentioned here that in order to avoid 
necessary duplication of photomicrographs, it is understood that 
the nature of the twins and of anistropism is to be judged only from 
actual study of the sample under polarized light upon rotating 
the stage. For example, in Fig. 15 upon rotation, the light and dark 
portions are reversed. 
\n attempt to ascertain if a—martensite is formed from austenite 
hy a mechanism analogous to the Widmanstatten structure proved 
ruitless. It was observed, however, that the extinction angles of 


martensite were never sharp, that they were undulating. For this 


5 reason alone, it is doubtful if the value of c/a can ever be cor- 


1 


related with the maximum angle of extinction. The undulating 
nature of the extinction implies some kind of nonhomogeneity in 
martensite with respect to the concentration of Fe,C dissolved 
such as the case of zonal growth in quartz and other minerals). 

Il. B—Martensite—The samples in the a—martensite condition 
were annealed at 120 degrees Cent. (250 degrees Fahr.) for two 
days and the resulting structure is shown in Figs. 7 and 8. 
\nisotropism is very much more pronounced, evidently indicating 
the precipitation of an anisotropic substance from solid solution. 
\eccording to Honda and his associates(13) ®-—martensite is an- 
other solid solution of carbon in a—iron. If this were the case, the 
amsotropism observed in a—martensite should disappear when the 
250 degrees Fahr.) as 


(2 


sample 1s heat treated at 120 degrees Cent. 
b-martensite is formed. When the samples were heat treated at 
about 300 degrees Cent. (570 degrees Fahr.) in order to decompose 
austenite, anisotropism became even more pronounced. 

The question then arises as to how to differentiate between 
nisotropism due to a—martensite and that due to the presence of an 
rthorhombic Fe.C colloidally dispersed in a—iron The first dif- 


entiation is the undulating character of extinction in the former, 
> 
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Figs. 7 and 8—Structure of B-Martensite in Parallel and in Polarized Lig! 

Figs. 9 and 10—Structure of Troostite in Parallel and in Polarized Lig 
Sample was Etched Very Lightly in Order to Leave the Colloidal FesC U1 
in the Structure. 

Figs. 11 and 12—Same as in Figs. 9 and 10, but More Deeply Etched 
Similarity, Indicating Relative Absence of Anisotropism. Photomicrographs 
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hich is not observed in the latter. The more important distinc- 
is, however, that while the a—martensite has only two extinc- 
ns B-martensite has tour, two strong ones and two weak ones. 
king into account the fact that the Fe.C is colloidally dispersed 
ferrite, one should not be surprised to note its behavior as a trans- 
narent substance. The presence of highly dispersed Fe,C in quenched 
eel has been amply demonstrated by Lucas(14). 

III. Troostite—Under ordinary parallel light, troostite apppears 
homogeneous at low magnifications, although Lucas(14) has shown 

to be a heterogeneous mixture of ferrite and unresolved Fe.C. In 
olarized light, the presence of an anisotropic substance in troostite 
; quite obvious, although it is quite difficult to show this condition 
satisfactorily in the photomicrographs (Figs. 9 and 10). When the 
steel sample is etched more deeply in order to remove the colloidal 
Fe.C the anisotropic character of troostite becomes less evident 
Figs. 11 and 12). Hence it appears reasonable to conclude that 

is the presence of Fe,C which gives rise to anisotropism in 
troostite. Radiating laminations of what appeared to be Fe,C were 
sometimes observed at a magnification as low as 400, in polarized 
light. The structure shows some differential light absorption and 
four extinctions. 

IV. Pearlite The structure appears highly colored under 
polarized hght, although extreme care was observed to prevent any 
tarnishing of the polished surface. The structure is highly anisotropic 

igs. 13 and 14) and has four extinctions accompanied by changes 

color, thus weak extinction, blue, strong extinction, red, weak 
extinction, blue, strong extinction, red and then back to the weak 
extinction. The term “pearlite grain” is really, in the light of the 
Writer's observations, somewhat of a misnomer and should be re- 
placed by the term “‘pearlite segregate,” as the segregates may be 
composed of several units of definite though gradual change in orienta- 
tion. The latter form gives rise to marked undulating changes in 
the color and intensity of the light in crossed nicols. Likewise, we 
should be more consistent if we apply the term segregate to 
a—martensite. 

V. Spheroidized Cementite—The spheroidized cementite ap- 


+ 


pears to be isotropic in polarized light, although we know from X-ray 





crystal analysis that it crystallizes in the orthorhombic system. It was 


iscovered, however, that when the sample was etchd more deeply 
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Figs. 13 and 14—Structure of Pearlite in Parallel and Polarized 
Photograph in Polarized Light on Account of Light Absorption. 
x 190 
“w . 

Fig. 15—Evidence of Twinning in a—Martensite. Xx 400. 


with a 5 per cent nital solution, the cementite particles show 
anisotropism at higher magnifications (e.g., « 400). 

It will be evident from an examination of the photomicrograph: 
included in this paper that the microscopic examination of all 


structures should in the future include some study in polarized light 


Thus, it has been shown that while a—martensite is an anisotrop! 
solid solution, B-martensite is not a solid solution, as claimed | 
Honda. In B—martensite the Fe.C in solid solution in a—martensit 
is precipitated, as was found by Lucas (microscopic evidence) 3 
Ohman(15) (X-ray analysis). 

One of the most interesting problems in physical metallurg 
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the cause of hardness, particularly of quenched steels. In a 


mposium conducted by Sauveur(16) the hardness of martensite 


‘< attributed to, first, solid solution of carbon or carbide in a—iron 


il 


tortion and internal strains; 


second, fineness of martensite grains; 


a* supersaturated state, resulting therefore in profound lattice dis- 


and third, presence of colloidal Fe,C, thus offering tremendous slip 


ohstruction. 


liht of our information from the present study. 


let 


us now examine these different 


theories in the 


Although a—mar- 


tensite is undoubtedly a solid solution, no direct evidence has ever 


heen produced to show that it is extremely hard. 
testing the hardness of 


cause the decomposition of a—martensite to @—martensite. 


metals 


involve 


deformation 


which 


All methods of 


would 
As lucas 


first observed, incautious polishing is enough to cause such a de- 


composition as shown by his photomicrographs. 


)n the other hand, 


we know that the decomposition of a—martensite takes place at as 


low as 100 degrees C., yet the hardness often increases slightly, while 


we should actually expect a large decrease in hardness. 


What ap- 


parently has been entirely overlooked is the fact that the presence 


of an extremely unstable transition phase (1.e., 


a—martensite ) 1s itself 


sufficient evidence that the internal strains due to quenching have 


thereby been relieved. 


\Ve must, therefore 


S() 


much as B—martensite is not a solid solution. 


‘+, look for the hardness of quenched steel in 
me unusual condition of the a—iron and the iron carbide. inas- 


The broadening of 


the X-ray spectral lines of martensite has been generally attributed 


eg., Westgren(17)) to the fineness of the ferrite, on the assump- 


tion that the visible crystals of martensite are further composed of 


a large number of small elementary crystals. 


| 


an 
all( 


strains, while 


Heindlhofer and 
came to practically the same conclusion. 


Bain (9) 


According to Honda 
| his associates(18) the diffuseness of the spectral lines is due to 
tremendous internal 


also 


In the light of the evi- 
] . a . as . 2 _° . - a . 
dence obtained in the present study, martensite is not fine-grained, 


so that the lattice strain theory appears the more probable at first 
sight. However, as we know that the recrystallization of highly 


strained metals takes place over some very small range of tempera- 


ture and as the recrystallization temperature of the ferrite in 


11 


quenched steels is in the neighborhood of 500 degrees Cent. (930 


legrees Fahr.) according to Sato we should, therefore, expect 


» Tees ss e 
a large drop in the hardness when the steel sample has been tem- 
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pered at that temperature. Yet the decrease in hardnes 
regular. Moreover, the diffuseness of the spectral lin 
cally disappear in samples tempered at 300 degrees ( 
degrees Fahr.), well below the recrystallization temper: 
might be in order to give an alternative explanation of th: 
ness of the spectral lines. The normal solubility of Fe,C 
is about 0.04 per cent carbon, but on account of the surfa 


of the highly dispersed Fe,C, the solubility may be increased 


siderably. Lastly, since the particle size may not be constant th 


supersolubility will vary within the sample. The writer has 
shown(19) that the hardness of quenched steel is probably du 
the surface energy of the highly dispersed Fe.,C, and that all precip; 


tation hardening can be accounted for on that assumption 
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FURTHER EXPERIMENTS ON THE FORGEABILITY 
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OF STEEL 
act] 
a By O. W. ELtis 
<> fh 
Us Abstract 
a-—l! : 
e energy Earlier work on the forgeability of steel is reviewed, 
ised cor ind the objects of the present investigation are discussed. 
stant th These objects were: (1) a detailed study of the influ- 
4 ence of carbon on the forgeability of steel, using larger 
LL las : ° : ; © : " z 
a oe samples than have hitherto been employed; (2) a study 
ly due t 


of the effects of nickel, chromium, etc. on the forgeability 

HM preci of steel, using steels of various S.A.E. specifications; 
and (3) a study of the effects of melting practice on the 
forgeability of eutectoid steel. 

The methods of test are described in detail, and 


t QU forgeability-temperature curves are given for a number 
10 n 2 of steels. 
und Unt Carbon is shown to have more profound effect on 
| Aufial forgeability than nickel, chromium, etc. Nickel, chro- 
mium, and nickel plus chromium appear to have a greater 
effect on the forgeability of medium carbon steels than of 
412 | low carbon steels. Variations in melting practice do not 
ils,” U. S appear to affect the forgeability of steel as determined by 
\ Wed the drop test. The method for determining the energy 
oT : required to produce a definite deformation in a normal 
of Bar sample of steel, given the results of one drop test, is de- 
g, Vol. 18 scribed in detail. 
as INTRODUCTION 
—_— ’ |S now twenty-two years since Robin' offered the results of a 
ragonal ai considerable investigation on the resistance of steels to crushing 
— as a Carnegie Scholarship Memoir to the British Iron and Steel 
Martensit | Institute. The author feels that this classical work has never re- 
a ; ceived the attention which it undoubtedly merits. While it is true 
that the manner in which Robin obtained and presented his results 
~~ ; is Open to criticism, certain of his observations, had they been ap- 
arn / 
| Tron at : R ; “The Resistance of Steels to Crushing,’ Iron and Steel Institute, Carnegie 
2()2 : b> Memoirs, Vol. II, 1910, p. 70. 
ched St ’ my y meee ° i ° ‘ ‘ . 
a a author, O. W. Ellis, is a member of the society and is director of 
. ‘ : tr to 11e9¢ Fi . ~ e rr. a C ° 
679. . etallurgical research, Ontario Research Foundation, Toronto, Ontario. Manu- 
a script received April 18, 1932. 
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plied to practice, would unquestionably have eliminated | 
expenditure of a large amount of energy in both smithy 
shop during the past quarter century. 

Robin’s experiments were conducted on a number 
some ferrous and some nonferrous, at temperatures whic] 


60 





DN 
S 


A 
S 











wy 
S 





No 
9S 








& 
S 
S 
x 
& 
© 
g 
8 
8 
S 
g 
© 
2 
8 
© 
% 


eal 


200 400 600 600 1000 1200 1400 
Temperatures of Crushing , °C. 


Fig. 1—Resistance of Carbon Steels to Crushing (Robin). 


from —185 to +1100 degrees Cent. (—300 to 2010 degrees Fahr 

From the results of these experiments he estimated the amount 0! 
energy required to reduce normal cylinders (cylinders whos 
heights and diameters are equal) of these materials by 20 per ceri 
of their original height. In this connection the results of Robins 
work on the resistance to crushing of a number of straight carbo 
steels may be of interest. Hence Fig. 1, which indicates the im 
portance of carbon in this connection, has been reproduced fr 

page 144 of Vol. II of the Carnegie Scholarship Memoirs. Fron 
this it will be seen that all that can be directly arrived at fron 
Robin’s tables and curves is information regarding the amount oi 
energy required to produce a certain definite alteration in the form 
of a cylinder of metal or alloy of a certain definite shape and siz 
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rs OF CRITICAL RANGES OF STEELS UPON FORGEABILITY 
possible effects of the critical ranges of steels upon their 


-esistance to crushing were not considered by Robin, but in 1924 and 
1926 Ellis? published the results of investigations into the effects of 





fnergy of Blow, Ft-lb. 








100 


10 20 JO 40 50 60 70 
Percent Reduction in Height of 
Normal Ve In. Semple 


Fig. 2—Relationship between En- 
ergy of Blow Applied to and Percent 
age Deformation of Normal Samples 


of a 0.40 Per Cent Carbon Steel. 
constitution on the forgeability of steel at high temperatures and 
showed clearly that the critical ranges had a very important influence 
in this connection. 

\t the same time Ellis determined the relationship between the 
energies of the blows applied to normal samples of a series of 
straight carbon steels and the amounts by which they were deformed. 
For each of the steels he examined he obtained families of curves, 
such as are shown in Fig. 2, which presents in graphical form the 


results of a number of tests on a steel containing 0.40 per cent car- 


He confirmed Robin’s general observations in regard to the 


. W. Ellis, “An Investigation into the Effect of Constitution on the Malleability 
t High Temperatures,” Part I, Iron and Steel Institute, Carnegie Scholarship 
Vol. 13, 1924, p. 47; Part II, Iron and Steel Institute, Carnegie Scholarship 
Vol. 15, 1926, p. 195. 





676 TRANSACTIONS OF THE A. S. S. T. 


effect of carbon on the forgeability of steel at temperatur: 
550 and 1000 degrees Cent. (1020 and 1830 degrees Fahr 
that carbon tended to increase the resistance of steel to pl 


ormation at any given temperature. 


EFFECT OF ELEMENTS OTHER THAN CARBON ON THE For: 
OF STEEL 


Robin found that phosphorus had a marked effect on 
sistance of steel to plastic deformation, the forgeability of 
containing 0.06 per cent carbon and 1.0 per cent phosphoru 
of the same order as that of a 0.40 per cent carbon steel c 
the more usual proportions of the nonmetal. He also investigat 


Table I 


Energy (ft. Ib.) Required to Reduce Normal Cylinders (15 mm. x 15 mm.) of Steels of 
Various Types to 80 Per Cent of Their Original Height 


10%C 
0% Cr § 
Steel 


) 


ol = 
— f. 
ie >) 
o bf pl 
a AX 


0.3% C Steel 


313 ? 

306 ? 

230 

170 

133 ; 
108 121 
91 121 


500 513 
600 427 
700 

800 229 
900 184 
1000 146 
1190 115 


uit 


me DOD wl un 
“ cow 
WAAWN UID 


un NI 


(N.B.—Marks of interrogation in the fourth column are reproduced from 


original paper. Their significance is not known to the author.) 


the effects of other elements on the forgeability of steel, but his 
presentation of the results of this part of his work is not altogethe 
satisfying to one interested in the working of steel at temperatures 
above the critical range. Table I embodies the results of some oi! 
his tests on alloy steels, together with those of his tests on straight 
carbon steels of approximately the same carbon content. 

The volume of the normal* samples tested by him was 0.162 
cubic inch. 


8A normal sample is one in the form of a cylinder whose height and diamet 
equal, 
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\’s THEOREM AND Its APPLICATION IN THE PRESENT 
INVESTIGATION 


In Robin’s paper he emphasized the value of Tresca’s theorem 
estimating the amount of energy required to produce analogous 
changes of shape in geometrically similar bodies. According to 
rresca, this energy varies as the volumes or weights of the be dies 


cerned, provided, of course, that the bodies are similar in chemi- 
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Fig. 3—Effect of Carbon on Forgéability of Carbon Steels. 


ale s cal and physical condition. Assuming Tresca’s theorem to be true, 
, DUT Nis ; : : ee 

' , one would expect that, other things being similar, the energy re- 
altogether . : ; . = es 

. juired to produce a given percentage reduction in the height of a 


iperatures . 
i normal sample, 1 inch in diameter, would be approximately 4.85 


some of . = ecm ; ; 
ol times that required to effect a similar reduction in a normal sample 
n straight 


OT 


t the same metal, 15 millimeters in diameter, since the volume of 
vas 0.162 the former sample is 4.85 times that of the latter. 

sal In the first of the present author’s papers referred to above he 
showed that Tresca’s law was true insofar as the tests described there- 
in were concerned. That Tresca’s law is true for certain, if not all, of 


the results quoted in this paper may be shown by comparing, for 
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example, the energy required to reduce by 20 per cent in 
15 millimeter normal sample of 1.0 per cent carbon steel ; 


in Table I with that required to reduce the 1-inch normal 


0.85 per cent carbon steel, results of the tests on which ar 4 
Fig. 3. The latter was reduced by 20 per cent in height at a temp, 
ature of 1040 degrees Cent. ( 1905 degrees Fahr. ). the ene oy of th 


blow being 520 foot-pounds. ‘Tresca’s law would lead to 
that a 15 millimeter normal sample of the same steel shoul 


requit 
520/4.85 = 107 foot-pounds of energy to deform it by the sa 
amount at the same temperature. Reference to Table | will 


tl SNO\ 
that approximately 134 foot-pounds were required to deform th 
per cent carbon steel dealt with by Robin. The difference betwee; 
the estimated 107 foot-pounds and the observed 134 foot-pounds ea 
probably be accounted for by the higher carbon content of Robin's 
steel. 

A further example may be cited. The 0.10 per cent carl 
steel tested by the author (see Fig. 3) was reduced 20 per cent ii 
height at a temperature of approximately 815 degrees Cent. (150) 
degrees Fahr.) under a blow of 520 foot-pounds energy. Robin's 
0.12 per cent carbon steel sample (Table I) should have required 
roughly, 107 foot-pounds of energy to reduce it 20 per cent at tl 
same temperature. Reference to Table I will show that the observe 
energy required to effect this deformation was approximately 122 
foot-pounds. Here, again, the difference in carbon content probal 
accounts for the slight excess in energy over the estimated amount 
of 107 foot-pounds. 

The fact that such close agreement exists between the result 
obtained by Robin and those obtained by the author, when consider 
in the light of Tresca’s theorem, lends some support to the view that 
at any rate, insofar as the straight carbon steels are concerned, th 


methods which have been used by Robin and the author in dete! 


mining the forgeability of steels at various temperatures are gen 


erally satisfactory. 


OBJECTS OF PRESENT INVESTIGATION 





(1) Most of the experiments carried out by the author in his 
previous investigations were made on ™%-inch normal samples 0! 
steel. These samples being somewhat small, he wished to discover, 
if possible, whether the same general effects would be observed, wet 


larger samples to be used. He had every reason to suppose 








that 








requit 
‘nt at tl 
| observe 
ately 122 
probal 


d amount 


he results 
‘onsidert 
view that 
erned, the 
in deter 


are 2ell 


hor in his 


amples 0! 


) discover, 


rye d. wert 


| Ose that 


FORGEABILITY OF STEEL 679 


wuld be the case, in view of the closeness with which he had 
checked the work of Robin on the 15-millimeter normal 
mples referred to. Nevertheless, he felt that further work on the 
ht carbon steels was in order. Hence a study was made of the 
rveability-temperature relationships of four typical straight car- 
yn steels (see Fig. 3), the size of normal sample being 1 inch and 
the energy of blow throughout the entire series of experiments being 
520 foot-pounds. 

2) Apart from Robin, no one appears to have investigated 

the forgeability-temperature relationships of any of the alloy steels. 
In view of what has already been said in this connection, the author 
felt that an investigation of a few typical alloy steels would be well 
vorth while. Tests, therefore, were made on normal l-inch sam- 
ples of seven alloy steels, the energy of blow throughout the entire 
series of tests being 520 foot-pounds as above. 
(3) Evidence has been produced, which appears to indicate that 
the forgeability of steel of constant analysis is affected in a pro- 
nounced manner by variations in melting practice. Through the 
courtesy of Dr. H. B. Allen, chief metallurgist of Henry Disston 
and Sons, Inc., the author was enabled to determine how far such 
variations in forgeability as were produced by alterations in melting 
practice could be detected by means of the drop test. 


DESCRIPTION OF THE EXPERIMENTS 


\ll the present experiments were conducted on test samples 1 
inch high and 1 inch in diameter. The blows were applied to the 


samples by means of a hammer weighing 113 pounds. This hammer 


Oo 
> 
J 


was allowed to fall from a height of 55% inches to the top of the 
test sample. The energy of the blow applied to the samples was, 
therefore, 520 foot-pounds. 

\ picture of the apparatus used in these tests, showing its re- 
lationship to the furnace in which the samples were heated, is shown 
in Fig, 4, 

The samples were heated to the forging temperatures in a 
Globar furnace, which could be controlled within relatively close 

by means of a Bristol pyrometer controller. This controller 
in such a way as to hold the furnace at constant temper- 
When this constant temperature had been reached, 3 samples 
placed within the furnace in close proximity to the hot junc- 
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tion of the controlling pyrometer. One of these samples 
drilled to a point a little over half way through. Into thi 
hot junction of another pyrometer was snugly fitted, so that 


Fig. 4—Photograph of Apparatus Used in These Tests Showing Its 
Relationship to the Furnace in Which Samples Were Heated. 
perature of this sample could be observed by suitable means outside 
the furnace. A Cambridge workshop potentiometer was used in tlils 
connection. 
When the temperature of the sample into which the pyrometet 
was fitted had remained constant for a period of approximately fi\ 


minutes, one of the other samples was immediately withdrawn tro! 
the furnace, placed on the anvil of the drop-hammer, and subjecte¢ 
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y from the tup. The sample was allowed to remain under the 
| cool. The furnace door was closed immediately after the 
rst undrilled sample was removed. When forging had been com- 
oleted, the furnace door was raised and the other undrilled sample 
vas taken from the furnace and quenched in water at 20 degrees 
Cent. (08 degrees Fahr.). At the same time the drilled sample, into 
vhich the hot junction of the recording thermocouple had been 
stted, was removed from the furnace and allowed to cool in air. 

The object of quenching one of the samples was to confirm the 
position of the critical range as determined by the forging experi- 
ments. It was assumed, and was found to be true, that a marked 
‘crease in hardness would coincide with the somewhat radical 
change in the forgeability-temperature relationship for the various 
steels being investigated. 

[t had been shown in our previous experiments that the trans- 
ference of samples, even so small as half an inch in diameter, had 
little if any effect upon the temperature of the sample relative to 
that recorded within the furnace. In other words, the temperature 
of the samples in the present experiments did not change appre- 
ciably during their transference from the furnace to the anvil. 

Atter the forged sample had cooled to room temperature, its 
height was measured. Its initial height being known, the height 
alter forging was subtracted from the initial height and then divided 
by the initial height in order to obtain (by multiplying the above 
value by 100) the percentage reduction in height due to forging at 
the particular temperature at which the sample had been deformed. 


HORGEABILITY- LEMPERATURE RELATIONSHIPS FOR STRAIGHT 
CARBON STEELS 


Using l-inch normal samples, tests were conducted on a series 
t straight carbon steels of the following analyses. 


Element Steel P Steel F Steel B Steel H 
Carbon 0.10 0.16 0.68 0.85 
Silicon sides 0.13 0.19 0.28 
Manganese 0.44 0.54 0.57 0.29 
Sulphur 0.037 0.028 0.022 0.011 
Phosphorus 0.018 0.017 0.027 0.027 


Lhe results of these tests are shown in Fig. 3. A study of this 


] 
UlagrT 


im will indicate how clearly the positions of the critical points 
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of these four steels are brought out by such tests as hay 
scribed above. 

These curves differ in some respects from those 
obtained by the author in 1924, using ™%-inch normal sai 


1924, tests on a steel containing 0.08 per cent carbon sho\ 
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Figs. 4a, 5, and 6—Effect of Carbon Con 
tent on the Forgeability of Three Different 
Steels. 4a—0.08 Per Cent Carbon, 5—0.40 Per 
Cent Carbon, 6—0.56 Per Cent Carbon. 


decrease quite distinctly in malleability at temperatures just beyot 
the upper critical point, as is shown in Fig. 4a reproduced from th 
author’s earlier paper. 

The forgeability-temperature relationships for straight carbo 
steels, containing 0.40 and 0.56 per cent carbon, respectively, an 
tested in the form of ™%-inch normal samples, are shown in Figs 
and 6, also reproduced from the author’s 1924 Carnegie Scholarshy 
memoir. Examination of these will show that a distinct inversio 
in the curves of these steels occurs at a temperature in the neighbor- 
hood of 930 degrees Cent. (1705 degrees Fahr.). No such inversio! 
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etected in the curves for the straight carbon steels shown in 


s not impossible that the larger samples (which were less de- 
med during test than the '%-inch normal samples used by the 
uthor in his previous experiments) are less satisfactory fer the pur- 
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Fig. 7—Forgeability-Temperature Curve for Steel D. 


pose of bringing out the finer details of the forgeability-temperature 
relationships for steels generally. 

On the other hand, the present tests have brought out the po- 
sition of the A, point in these steels far more clearly than the pre- 
vious tests, in which the %-inch normal samples were used. 

It is scarcely necessary to discuss in detail the curves shown in 
hig. 3. The fact that carbon has a profound effect upon the forge- 
ability of steel is quite clearly indicated by the curves. One point of 
interest may be referred to—namely, that at temperatures below the 
critical range the 0.68 per cent is far less malleable than the 0.85 per 
cent carbon steel. The latter was doubtless annealed; the former 


WdS ll 


the “as-rolled”’ condition when received and as tested. Hard- 
hie SS 


tests of these steels as received showed the former to have a 
Tinell number of 205, and the latter a Brinell number of 175. Had 
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the 0.68 per cent carbon steel been annealed prior to test 
at temperatures below the critical range would have falle 
the curves for steels F and H rather than below that for 

shown in Fig. 3. 


EFFECT OF SPECIAL ELEMENTS ON THE FORGEABILITY 0 


As already stated, Robin investigated the effect of certain ele. 
ments on the forgeability of steel. It was felt, however, that further 
work along this line would be worth while, largely on account of th 
difficulty of applying the results of Robin’s work to every-day 
practice. 

A series of steels, in the form of 1-inch diameter rods, was oh 
tained for the purposes of this part of our investigation. These steels 
were purchased from stock and were tested as received. No attemp: 
was made to anneal the steels before forging, so that the effects oj 


the structure of the steels, as received, upon their forgeability 


temperatures below the critical ranges must be accounted for in a 
consideration of these results. Normally, of course, forging of 
steels takes place at temperatures above the critical range, so 
the behavior of steels below the critical range need scarcely be con- 
sidered in this connection. 

It may be well to deal with the elements, insofar as it is possibl 
to do so, in order, as below. 

A—WNickel—The nickel steel used for the purpose of determin- 
ing the effect of this element upon the forgeability of steel having a 
relatively low carbon content, was an S.A.E. 2320 steel of the follow 
ing analysis: eine 
Carbon 0.20 
Silicon 0.18 
Manganese 0.54 
Sulphur 0.017 
Phosphorus 0.013 
Nickel 3.51 
The steel contained neither chromium, vanadium, nor molybdenum 

The forgeability-temperature relationship for this steel is show! 
in Fig. 7. Two things will be noted in this curve: (1) the way 
which the A, point stands out, and (2) the way in which the 4 
point is shown. 

With the view of indicating the effect of nickel upon the forge- 
ability of low carbon steel Fig. 8 has been prepared. This shows, 
in one and the same diagram, the forgeability-temperature relatiol- 
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hing for the straight carbon steel F containing 0.16 per cent carbon 
3) and the nickel steel D (Fig. 7) just discussed. 

From what has already been shown in Fig. 3 it will be clear that 
ach differences as exist in the forgeability of these steels at tem- 
eratures above 800 degrees Cent. (1470 degrees Fahr.) can be ac- 
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Fig. 8—Effect of Nickel on Forgeability of Low Carbon Steel 


1100 





















counted for by the somewhat greater carbon content of steel D. To 
sum up, one may say with some confidence that the presence of 3.51 
per cent of nickel has but little effect, if any at all, upon the forge- 
ibility of low carbon steel under the conditions of these experiments. 

For the purpose of determining the effect of altering the carbon 
ontent of a nickel steel containing approximately 3.5 per cent of 
nickel, an examination was made of a steel to specification S.A.E. 


24 


“345. This steel (G) had the following analysis: 


Per Cent 


Carbon 0.44 
Silicon 0.22 
Manganese 0.77 
Sulphur 0.019 
Phosphorus 0.015 
Nickel 3.38 





‘(contained neither chromium, vanadium, nor molybdenum. 


TRANSACTIONS OF THE A. S. S. T. 


Temperature, Degrees fahrenheit 
1200 1400 1600 1800 


G 





Percent Reduced by Blow of 520 Ft-lb. 





600 700 800 900 1000 
Temperature , Degrees Centigrade 


Fig. 9—Forgeability-Temperature Curve for Steel G. 
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Fig. 10—Effect of Carbon Content on Forgeability of Similar Nickel Steels. 
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rhe forgeability-temperature relationship for this steel is shown 

) and a comparison between the curves for steels D and G 

in Fig. 10. The relative importance of carbon and of nickel 

raising the resistance of steel to plastic deformation at temper- 

.; above the critical temperature ranges can be readily judged 
rom the latter. 

\ further diagram may be of interest in this connection. Fig. 

i] shows the curves for steels B and G. The former is the 0.68 per 
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Fig. 11—Effect of Nickel on Forgeability of Medium Carbon Steel. 


cent carbon steel of which the forgeability-temperature relationship 
was shown in Fig. 3, the latter the S.A.E. 2345 steel of which the 
lorgeability-temperature relationship was shown in Fig. 9. These 
urves are reproduced for the purpose of indicating that a steel con- 
taining approximately 0.68 per cent carbon has a forgeability-temper- 
iture curve almost identical in general character with that of a steel 
containing 0.44 per cent carbon and 3.38 per cent nickel. From this it 
appears that the addition of nickel to medium carbon steel has the 
effect of increasing its resistance to forging, particularly at temper- 

above 1000 degrees Cent. (1830 degrees Fahr.) or in that 


| range. 
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Fig. 12—Forgeability-Temperature Curves for Steels J and E 


B—Chromium—For the purpose of investigating the effect | 
chromium upon the forgeability of steel, material approximating 
steel S.A.E. 5130 was employed. It had the following analysis: 


Per Cent 
Carbon 0.28 
Silicon 0.14 
Manganese 0.66 
Sulphur 0.021 
Phosphorus 0.024 
Chromium 0.83 


and contained neither nickel, vanadium, nor molybdenum. Th 
forgeability-temperature relationship of this steel (J) is shown 1 
Fig. 12. A comparison of this curve with those in Fig. 3 has show! 
it to lie between the curves for steels F and B and actually to intersect 
the curve for steel B at a temperature of about 1100 degrees Cent 
(2010 degrees Fahr.). In view of this fact one is led to believe tha' 
chromium must have a relatively profound effect upon the forge 


ability of steel. One cannot speak with authority, however, sinc 

no direct comparison was made between steels having approximate!) 
. . ~hro- 

the same carbon content, the one with, and the other without, cht 
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Further, since the forgeability of steels containing relatively 


uunts of carbon appears to be reduced by carbon far more 





idly than that of high carbon steels, the low forgeability of this 





hromium steel relative to the 0.160 per cent straight carbon steel 





Hie. 3) may be due to the difference in carbon content rather than 





fy the chromium content of the former. 
C—Nickel plus Chromium—A series of steels containing nickel 
















chromium was investigated. These were of the following 
il aly Ses: 
Elements Steel E Steel A Steel C Steel K 
Per Cent Per Cent Per Cent Per Cent 
Carbon 0.20 0.33 0.44 0.45 
Silicon 0.17 0.23 0.19 0.22 
Manganese ().47 0.54 0).52 ().40 
Sulphur 0.015 0.018 0.018 0.011 
Phosphorus 0.021 0.013 0.022 0.027 
Nickel 1.18 1.27 1.63 1.60 
Chromium 0.52 0.70 0.99 1.03 









They contained neither vanadium nor molybdenum. 





Steel E falls in line with the specification for S.A.E. steel 3120, 





steel A with the specification for S.A.E. steel 3135, steels C and Kk 
with the specification for S.A.E. steel 3245. It will be noted that 
steels C and K were practically identical in composition. They were 







supplied as different in analysis, but, though found to be so similar, 





were tested completely with the view of determining to what extent 





results might be reproduced on different steels made of the same 





specification. Figs. 12 to 14, inclusive, show the forgeability-tempera- 





ture relationships for these four steels. 





lig. 15 has been prepared with the view of comparing the ef- 





tects of nickel and of nickel plus chromium upon the forgeability of 





steels of approximately the same carbon content. It will be noted 





that the curves for steels E and D, which have the same carbon 






content, but which differ quite appreciably in their nickel and nickel 





plus chromium contents, lie very close to one another throughout 


biases inettaes oe . c . ai m4 r : . 
ihe entire range of temperatures above the A, points for these steels. 








On the other hand, steel A, which contains 0.13 per cent more 






carbon than either of steels E or D. is distinctly more resistant to 





1 
1 


deformation above the A, point throughout the entire range covered 







by these experiments. One is led again to the view that carbon is 





‘ar more potent in its effect upon the forgeability of low carbon 






—— phe a . , ° ° 
tee! than are either nickel or chromium, or these two elements com- 
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It may be of interest to observe here that the curve 
which contained 0.28 per cent carbon and 0.83 per cent 
(see Fig. 12), lies very close to, though slightly below, 
for steel A. 

For the purpose of comparing steels C and k, Fig. 1 
prepared, in which the forgeability-temperature relation 













Jemperature, Degrees Fahrenheit 


1700 1400 1600 1800 


£000 








' 


Stee/ A c 
C OFF% 0.44% 
Si O.2F 8.99 









©5\— Mn 0.54 0.52 | t 
S 0.018 0.018 iP 
P 0.013 0.022 - 
Ni 1.27 1.63 \ Aye 
2o\— Cr 0.70 0.99 - | ot0%< 
a ~ y 
Mo -— - - 





Percent Reduced by Blow of 520 ft-lb. 








700 800 900 1000 1100 
Jemperature, Degrees Centigrade 





















Forgeability-Temperature Curves for Steels A and C 





these two steels have been plotted, so as to indicate clearly the dit 
ferences between the results obtained on the two steels which, as 
already indicated, were of practically identical composition. 

In this same diagram the curve for steel G, which contained 0.44 
per cent carbon and 3.38 per cent nickel, has been reproduced. It 
will be seen from this that at temperatures above 850 degrees Cent 
(1560 degrees Fahr.) the forgeability-temperature relationships tor 
these three steels are nearly the same. The differences observed at 
temperatures below 850 degrees Cent. are due, in all probability, 
solely to the difference in the positions of the upper critical tem- 
perature points. 

A comparison of the curves for the two nickel-chromium steels 
shown in Fig. 16 with those for the straight carbon steels shown in 


gQ 
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3 indicates that the forgeability of the former over the range 
mperatures 800-1000 degrees Cent. (1470-1830 degrees Fahr. ) 
ximates closely to that of the 0.68 and 0.85 per cent carbon 

\t 850 degrees Cent., the curves for steels C and K lie al- 

most on the curve for the straight carbon steel B containing 0.68 per 
cent carbon; at 1100 degrees Cent. (2010 degrees Fahr.) the curves 


Temperature, Degrees Fehrenheit 
1200 1400 1600 1800 £000 


700 800 900 1000 1100 
Temperature, Degrees Centigrade 


Forgeability-Temperature Curve for Steel K. 


tor steels K and C lie almost exactly upon the curve for the straight 
bon steel H containing 0.95 per cent carbon. One would judge 
irom this comparison that the addition of 1.6 per cent nickel and 
i+ per cent chromium to a 0.45+ per cent carbon steel has the 
effect of decreasing its malleability, this decrease being slightly 
greater at high temperatures than at low. The assumption is here 
made, of course, that the forgeability-temperature curve for a 0.45 

‘cent straight carbon steel would lie above the curve for steel B 
(\U.08 per cent carbon) shown in Fig. 3. 


] 
} 


car 


Chromium plus Vanadium—For the purpose of determin- 
ing what effect, if any, vanadium had upon the forgeability of an 
S.A.E. 5130 steel, tests were conducted on materials of the follow- 

analyses : 
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Fig. 15—Relative Effects of Carbon, Nickel and of Chro 
mium plus Nickel on Forgeability of Steel. 











Elements Steel | Steel J 
Per Cent Per Cent 
0).20 ().28 














Carbon 


Silicon 0.20 0.14 
Manganese 0.67 0.66 
Sulphur 0.020 0.021 
Phosphorus 0.022 0.024 
Nickel 0.17 Nil 
Chromium 0.90 0.83 


0.142 Nil 


Vanadium 





















Examination of the curve shown in Fig. 17 will demonstrate th 
similarity in the forgeability of these steels over the entire range of 
temperature above the critical range. One might be tempted to sug- 
gest that vanadium alters the rate of change of forgeability with 
temperature in view of the difference in slope of the two curves, but 
from what we have seen of the variations in results that can be ob- 
tained from two steels of practically the same analysis (see Fig. 16), 
one feels that it would not be altogether fair to put this forward as 
an explanation for the relative positions of the two curves in Fig. 
17. The marked difference in malleability between the two steels al 


temperatures below the critical range can unquestionably be cc 
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Fig. 16 Reproducibility of Test Results Using Different 
Steels and the Relative Effects of Nickel and Chromium. 
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Fig. 17—Effect of Vanadium on the Forgeability of Chromium Steels. 
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sidered as due to the presence of vanadium in steel I. 
tests made on these steels in the “as-received” condition 
steel I to have a Brinell number of approximately 260, whil 
steel J was approximately 140. Normalizing of these st 
series of temperatures varying from 800 to 1090 deer 
(1470 to 1995 degrees Fahr.) resulted in steel I invarial 
harder than steel J. 

k—Summary of Foregoing Results—It appears from the fore- 
going results that the addition of nickel, of chromium, or of nick 
plus chromium to low carbon steel has but little effect upon its forge. 
ability, whereas the addition of these elements to medium carb 


steel has the effect of reducing their forgeability, possibly of 


ducing it more noticeably at high than at low temperatures. Test 
on a greater number of steels would be required before any definit 
conclusions could be arrived at in this connection. The author ha: 
unfortunately been unable as yet to obtain a wider range of mediun 
carbon steels for his experiments. 


THE INFLUENCE OF MELTING PRACTICE, ETC., ON THI 
FORGEABILITY OF STEEL 


For the purpose of investigating the effect of variations i 
melting practice, etc., on the forgeability of steel of approximatel) 
constant analysis, the author used a series of steels, the compositions 
of which are quoted in Table II. These were supplied to hi 
through the courtesy of Dr. H. B. Allen, chief metallurgist of Henr 
Disston and Sons, Inc., in the form of 1-inch round bars. 


Table Il 


Analysis of Steels Examined for the Purpose of Determining the Effects of 
Melting Practice on Forgeability 


Steel ; Si Mn S P Ni Cr Mo Manufactured in 
MSH 6.26 @.32 0.016 6.022 @06 G07 .... Electric furnace 
MSI 8 0.22 0.41 0.022 0.022 0.67 0.04 0.16 Open-hearth 
MSM 0.20 0.33 0.022 0.012 0.07 9.07 .... Open-hearth 
MSN 85 0.22 0.25 0.012 0.020 0.70 0.09 0.11 Electric furnace; 
tained 40 per 


iron 
MSO 88 0.24 0.29 0.013 0.022 0.65 0.12 0.14 Electric furnace; 


tained 13 per 
iron 


The results of the tests on these five steels are typified in Ii 
18. Examination of the results of these tests showed that steels h 
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irdness » + \! which were to all intents and purposes straight carbon steels, 

lon showed care practically identical in their forgeability at all temperatures 
hile that oj © above the critical range. ven below the critical range the similarity 
Steels at q . malleability persisted. This only shows, however, that the steels 
erees Cent had been brought to practically the same structural condition, e. g., 
rably being hy annealing, prior to the forging test. Steel L was practically 
mm the fore- Temperature, Degrees lahrenheit 
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Is. Fig. 18—Forgeability-Temperature Curve for Steel H. 


identical with steels H and M at temperatures above the critical 

range, showing that the 0.67 per cent nickel and 0.16 per cent 
Effects of molybdenum present in this steel had little, if any, effect upon its 
oe | lorgeability. Below the critical range steel L. was slightly harder 
cae ® than steels H and M. 


| Steel N was found to be only slightly harder than steels H and 

ae ons ng | \M, both above and below the A, point. The slight difference in 
nace; charg » tiardness might best be neglected. It can scarcely be assumed that 
— either the method of manufacture or the presence of sponge iron in 
the charge was effective in producing this difference. 


7 Steel O was found to be slightly harder than steel N. In this 
pified in a = case, again, neither the method of manufacture nor the presence of 
that steels 1 » Sponge iron in the charge can be considered to have influenced the 
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forgeability of the steel. In short, the forgeability-temy el 
lationships for steels H, L, M, N, and O are practically 
This means either that the forgeability of steel of constai 
is unaffected by such variations in melting practice as 
described in Table II, or that the drop test (using a weigh; 
pounds and a fall of 55% inches to the top of the sample) 
to distinguish such variations in the forgeability of 1-inch 


samples as are due to these causes. 


METHOD FOR DETERMINING THE ENERGY REQUIRED TO Erp; 


DEFINITE DEFORMATION IN A NORMAL SAMPLE OF Step 


As may be judged from the above, the author has been inter 
ested in determining the energy required to produce certain definit 
alterations in shape of normal samples of various steels. Referenc: 
has been made to the work which he published in 1924, and Fig 
of the present paper has shown a family of curves representing th 
relationship between energy and percentage deformation at various 
temperatures for a series of steels containing 0.40 per cent carbo 

What the author feels to be one of the most important develo 
ments of his work has been the determination of a simple equatio: 
covering families of such curves. If E be the energy in foot-pounds 
required to produce a certain definite percentage reduction in height 
D of a normal sample, then / and PD are related by the following 
equation : 

pps" 


b is a parameter which can be found by making one drop test.’ 


‘Much better results are obtained when the values for E and D are plotted 
rithmic paper, a linear relationship existing between log FE and log D. In most « 
observed values for E and D lie close to the straight line drawn through an entire 
observations. In some cases, however, individual points lie away from the chosen lin 
attempt has been made to determine the extent to which calculations of the valu 
based on such an individual point, would be in error. It was found in what was on 
worst cases that the value ot Ee, i.e., E as determined from the straight line represent 
a series of observations, was related to the value Eo, i.e., E based on an individual ¢ 
point and equation (1), in the following way. 


Eo 1.02 Ee + 23.47 


This equation applies to the results of experiments with ™%-inch normal samples 
experiments with these samples the lowest energy of blow was in the neighborhood 
foot-pounds, so that an imdividual observation of the percentage deformation produced 
blow of 170 foot-pounds might result in a 23.47/170 100 14 + per cent erro! 
estimate of the blow which produced that deformation. The greater the perce 
formation produced. the less is the chance of individual observations resulting in errors 
determination of the energy-deformation relationship from equations (1) or (II) 
above it will be clear that duplicate or, better, triplicate tests should be made 
values for the parameter b are desired. 
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; equation may be expressed logarithmically as follows: 


log E = log b + (1.56—0.47 log. b) log. D (IL) 


hose interested in the use of this formula may employ the 


alues shown graphically in Fig. 2. They will find, however, that 


me discrepancies occur between the observed and the calculated 
ines. This is due in the main to the fact that it is somewhat 


1 


ficult to plot such curves as are shown in Fig. 2 in such a way as 

include satisfactorily all the values observed. A study of a large 

mber of such curves, however, resulted in the equation shown 

hove, by means of which a more satisfactory representation of the 

lationship between energy and percentage deformation is obtain- 

een inter able. For the sake of showing how closely these equations enable 

in definit in estimate to be made of the energy required to deform normal 

Referenc samples, the following are submitted: (1) A Y%-inch normal sample 

nd Fig, 2 f steel, containing 0.56 per cent carbon was found to be reduced by 

enting the 12.3 per cent in height as a result of a blow of 169.5 foot-pounds. 

at various by using the above formula, an estimate was made of the amount of 

nt carbon nergy that would be required to reduce this sample by 36.0 per cent 

t develop- in height at the same temperature. This was found to be 523.6 foot- 

> equatior pounds. The actual energy required to deform the sample was found 
ot-pounds to be 508.5 foot-pounds. 


1 ) 


eight (2) A %-inch normal sample of steel, containing 0.08 per cent 
following carbon was found to be reduced by 44.0 per cent in height as a result 


in 


of a blow of 169.5 foot-pounds. By using the above formula, an 
estimate was made of the amount of energy that would be required 
to reduce this sample by 71.0 per cent in height at the same temper- 
ature. This was found to be 497.7 foot-pounds. The actual energy 
required to deform the sample was found to be 508.5 foot-pounds. 

Turning now to the tests referred to in the present paper, these 
were made, without exception, on 1l-inch normal samples of the 


various steels examined. Equation (1), referred to above, was ob- 


tained as a result of a critical examination of a large number of such 


curves as are shown in Fig. 2. These refer to ™%-inch normal sam- 
ples of steel. In order that equation (1) may be applied to normal 
samples of all sizes, it is necessary to bear in mind Tresca’s theorem, 
which states that the energy required to produce analogous changes 
| shape of geometrically similar bodies in similar physical state 
» the volumes or weights of the bodies. The law may be ex- 

| mathematically as follows: 
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If, now, & be the energy required to reduce the heig 
a ¥%-inch normal sample of steel by D per cent, then E 











f nerg () 
required to reduce the height of a normal sample having a yolyp, whi 
)’, cubic inches by the same amount, will be: r 

EV; F 
0.0982 cl 
This is so because the volume of a %-inch normal sample js 
0.0982 cubic inches. 
Equation (I), then, may be generalized as follows: 
Vib 
Rs ti Le (V) LW, 
0.0982 
1\ 


For the 1l-inch normal samples referred to throughout this paper 
























the generalized equation becomes: 








ans ee ‘ay 


sy means of equation (VI) an estimate can be made of th 
amount of energy required to reduce the 0.16 per cent carbon sie 
referred to in Fig. 3 by 40 per cent in height under a single blow at 
a temperature of 950 degrees Cent. (1740 degrees Fahr.). Reier- 
ence to Fig. 3 will show that this steel is reduced by 21.5 per cent 
in height at 950 degrees Cent. under a blow of 520 foot-pounds, 
this amount of energy having characterized the blows used through 
out the series of experiments referred to in this paper. By using 
equation (VI) as suggested above, one arrives at the conclusion 
that 1690 foot-pounds of energy would be required to effect the de- 
formation of 40 per cent referred to above. 

Knowing the amount of energy required to reduce a 1-inch 
normal sample of steel by, say, 40 per cent in height, the Tresca 
relationship, equation (III), can, of course, be applied to estimat 
the energy required to reduce the height of normal samples of tht 
same steel of other dimensions by the same amount — 40 per cent. 
It is fully recognized by the author that before accurate de- 
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eminations can be made of the energy required to effect specific 
hanges of shape in samples of varying dimensions, far more work 
‘han he has presented here must be done. It is believed, however, 
at the method here described does offer a means, rough and ready 
‘hough it may be, for obtaining a very much closer idea of the energy 
vhich must be expended to effect specific changes in the shape of 
normal samples than has hitherto been possible. 

Should information regarding the energy required to deform 
cylinders other than normal be needed, use may be made of the 


curves shown in Fig. 22 of Appendix III of the author’s 1924 paper. 
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DISCUSSION 





Written Discussion: By H. H. Ashdown, metallurgist, Westinghouse 
Electric and Manufacturing Co., East Pittsburgh, Pa. 

| know of no paper to which I have submitted a discussion which has 
given me greater pleasure than this paper by Mr. Ellis. I have known for many 
years the thoroughness of the author’s work, and its value is greatly enhanced 
by his close cooperation with works problems. 

There is tremendous significance in the opening paragraphs of this paper 
directing attention to the resistance to plastic deformation of steel by dynamic 
iorce when passing through its critical range, and I hope this will receive 
greater attention of the forge and mill executives than has the work of Robin. 

What Mr. Ellis has unquestionably proved in his experimental and research 
work has been my own experience in forging great masses of steel under the 
rging press and smaller volumes under steam hammers. He also has shown 
the marked difference in increasing hardness at the same temperature, as the 
carbon percentage increases, and also the hardening effect of the presence of al- 
loys at elevated temperatures. I believe he would find a marked increase in 
hardness in the forgeability of steel with increasing molybdenum content up to 
t least 0.5 per cent either in the presence of or without other alloying elements. 
known by all forge men that, as the carbon increases, the steels are 
work right through the forging range and they are known as hard 


lality teels. 


iif 
workit f 







More particularly is this noticeable when approaching and 
through the critical range, which never should be done with carbon 
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steels above 0.30 per cent carbon or any alloy steel, particularly 
of large dimensions. 

Mr. Ellis has called attention to the marked hardening effect 
ence of nickel on the forgeability. This again is very noticeabk 
particularly so in the lower temperature ranges, where, unsusp: 
siderable damage is done to the steel. 

In discussing a paper before the British Iron and Steel Institut, 

I there called attention to the fatal mistake of “cold working.” Part 
is this the case at the ends of forgings where the material loses heat , 
and which usually is the last portion to be worked. The forge man 
get the very most out of his heat in place of reheating the ends 
period. If one watches the ends of forgings being “cold-worked,” around 
through the critical range, he will notice bright diagonal lines appear whi 
may be due to local generation of heat resulting from a shearing of the crystal 
line structure in those areas, or the evolution of heat resulting from the phys 
ical changes taking place in the critical range. Under these conditions. js }; 
surprising that forgings tested transversally give a 45 degree fracture, ¢! 


Lilt 


fractures being those of two faces having been rubbed together ? have | 


knov 
of hollow forgings, each worth $10,000, being scrapped from this cause, and vet 
when 12 inches of material was cut away and further tests taken, the results 
have shown the material was all that could be desired. 

Again, in discussing a paper by Blankenship on forging practice at th 
Chicago Convention in 1930, I called attention to the risk of serious injur 
to the steel when forging through and below the critical ranges. 

The indication of this increasing hardness can be distinctly felt under th 
hammer by the increasing solidity of the blow, and under the forge press, 
indication is shown on the pressure gage by the increased pressure for th 
same volume displacement. A further indication, when making hollow forg- 
ings, is the grunt on the mandrel due to the biting action of the hardening 
surface. It may be true that semi-cold working may raise the elastic limit and 
yield point, but this, as has already been shown, is done at the risk of irrepa 
rable damage in other directions. The internal stresses set up in the steel ar 
such as to often cause internal clinks if the forgings are allowed to « 
normally after forging. 

There is yet another viewpoint to “cold forging.” That is the effect o1 
the forging equipment. It weakens the foundation, causes broken hammer rods 
and legs, and it is not uncommon, due to overstressing, to see a loose colum 
in a forging press. 

Mr. Ellis directs attention to the difference in forgeability sometimes 
be observed in two different supplies of steel of precisely the same analysis 
It has been my experience that a dirty steel compared with a clean steel of t! 
same analysis forges more readily, and again, a basic open-hearth steel is notic 
ably easier to forge than an acid open-hearth steel of the same analysis. 

It is sometimes stated that papers emanating from University sources < 
too “high-brow,” but I suggest that this paper and others before this sess! 


if read and compared with conditions in practice, offer high potential ¢ 
mercial value, or, in other words, are “dollar papers.” With this object 
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ve endeavored to indicate some of those dollar saving directions. 

| have touched on but few of the valuable points of information in this 
but have pleasure in expressing my personal indebtedness to Mr. Ellis 
store of information disclosed. 

Written Discussion: By N. L. Deuble, department of metallurgy, Re- 
hlic Steel Corp., Central Alloy Division, Massillon, Ohio. 

Mr. Ellis has performed a very nice piece of technical work in determining 

percentage of compression produced on various carbon and alloy steels with 

incle blow. His paper indicates that a great deal of thought had been given 
; subject prior to carrying out his experiments. 

Everyone is undoubtedly familiar with the fact that increased carbon con- 
nt decreases plasticity, but they are not familiar with the rapidity with which 
+ decreases. The effect of the various alloys is not known, except that in 
veneral it is felt that they increase slightly the energy necessary to produce a 
definite deformation. 

[he curves drawn by Mr. Ellis from his data give the forge man a general 
suide to the energy required to reduce the various steels in forging. It would 
be rather difficult to interpolate from his figures, the energy necessary to forge 
: steering knuckle or some other complicated drop forging where a great many 
lows are necessary. The curves set forth also indicate that steel is less plastic 
s it nears the critical range. This also is generally known. 

In this experiment it would have been advisable, in all cases, to have 
started from hot-rolled material because the curves below the critical points 
would have been more comparable. Comparing the curves for steels “I’’ and 

it wi'l be noted that one offers considerably more resistance than the 
her. The Brinell hardnesses indicate that “I” was probably hot-rolled, while 

was annealed. Undoubtedly the “I” steel was harder after normalizing, 
it is slightly higher in carbon and has the addition of vanadium—this would 
he expected. However, it would not necessarily follow that the resistance to 
rmation would be increased to such a great extent if the steels were of the 
same hardness originally. 

In comparing heats of similar analysis, but manufactured under different 
ractices, Mr. Ellis finds practically no difference. In actual practice this is 
not true, for there have been cases of S.A.E. 5150 steel where the forge shop 
mmerman could distinguish between two sources of supply by the flow of 
the material under the hammer. In one case the steel required three to four 
xtra blows to bring it down to size, the same forging temperature being used in 
both It may be that the 520 foot-pounds blow on one inch square 
imples is too severe to bring out these variations, but in view of the curves 
arbon steels, this is hard to believe. 


Cases 


From a technical point of view, this paper is exceedingly interesting and 
licates that considerable thought and care were exercised in the experimental 
vork. However, to practically apply this data to every day drop forgings 
exceedingly difficult: first, because of the intricate shapes of drop 
second, because of the large number of blows required to fill out 
average forgings; third, because of the rapidly falling temperatures, due 
very sections in contact with relatively cold dies; fourth, because of 
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the tendency of some alloy steels to work-harden, especially whe: 
the critical points. 

Written Discussion: By John P. Fleming, forge supt., A 
Inc., Dunkirk, N. Y. 

We have read the interesting paper by Mr. Ellis on the fo: 
steel. We agree with the author that carbon is by far the most 
effect upon malleability as compared with the elements nickel, « 
vanadium. 

The curves showing the malleability of the various steels as 
temperature are interesting and are a valuable addition to the 
knowledge regarding the temperature which should be used on these steels 
permit deformation to take place with the least expenditure of power 

We should like to ask Mr. Ellis if the samples used in his experimen 
were cut from bars as rolled; or were they machined to size? \ variat 
in diameter which is usual in a rolled bar may account partly for the differe; 
in the malleability of these steels. 

The addition of nickel, chromium and vanadium to medium carbon steels 
as shown by the author produces some change in forgeability. That vanadiu 
alters the rate of change in forgeability with temperature and offers gr 
resistance to deformation at the lower forging temperatures we believe to 
correct. At elevated temperatures (above 2000 degrees Fahr.) the infue: 
of vanadium produces no effect on the malleability of medium carbon steels 

The author is to be congratulated on the excellent curves brought 
his experiments, the position of the various critical points being of particu! 
interest. 

Written Discussion: By Adam M. Steever, chief metallurgist, Great 
Lakes Forge Co., Chicago. 

The author’s paper is of particular interest to the manufacturers of di 
forgings and he has given us a wealth of information on the forgeabilit) 
steel. The average commercial forge shop produces a large percentage of 
steel forgings, especially those of the S.A.E. specification. In forging 
medium carbon-nickel, nickel-chromium, and chromium steels a greater amount 
of energy must be applied to the materials undergoing deformation than t 
low carbon alloys or plain carbon steels. Nickel and chromium decreasing t 
forgeability of medium carbon steels as demonstrated by the author has 
very important influence upon the life of impressions in drop forging 
These materials require either additional energy in the form of larger 
ing equipment or increased blows from forging equipment that would sats 
factorily produce the same part if made from plain medium or low cat! 
steels. In either of the above mentioned an enormous reduction in die lit 
experienced in forging these materials. 

The information presented by Mr. Ellis will be valuable to the drop forge’ 


in estimating the approximate die life which can be expected and will aid 


the selection of the size of hammer required for certain alloy steels. 
outlined methods offer a means of obtaining the above data more accural 
than any data heretofore developed. 
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ractical. One interesting comparison would be with published tests on the 


rature and treatment the ingot receives in hammer cogging. Whether this 
ference will persist in the finished bar and later show in reforging a 1-inch 


In this connection, Mr. Ellis shows by his forgeability test, which he has been 


rs. A slight difference does show, however, and it is consistently in the right 


llis has kindly consented to make further tests using specimens taken from 
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Written Discussion: By Henry B. Allen, metallurgist, Henry Disston 
Sons Co., Tacony, Philadelphia. 
rgeability of steel is, of course, an important consideration both to 
el user and in the steel mill. The maker of drop forgings is vitally 
with die life. While a more difficultly forged steel can be made 
increasing its temperature, this modification in practice entails other 
dyantages. The steel maker is concerned in much the same way. A low 
mering and rolling temperature decreases mill costs and reduces the 


cts of composition on the hot working of metals cannot therefore be with- 


Mr. Ellis’ studies possess the decided attraction of covering one of the 
explored fields in metallurgy. One immediately wants to attempt the 

relation of the newly reported facts with other data, both laboratory and 

tensile strengths of similar steels. 

[he writer has been told by an experienced steel roller that the softness 
which a low carbon steel will roll can be vitally affected by the tem- 


t 


ind is not known, but it would be supposed that the effect might persist, 


ugh to much less degree. <A_ similar softening effect is observed in 


| enourh to make for the writer and which is reported in this paper, that 
little difference remains in the steel after rolling down to l-inch round 


tion to confirm the greater differences observed in the steel mill. Mr. 
teels when at an earlier stage of fabrication. 
Because other factors besides chemical composition of the steel will have 
effect upon its forgeability it is hoped’ that Mr. Ellis will continue his 
rk taking into consideration the previous history of the steels. A valuable 
to the present paper would be the complete analyses of the steels 
lhe difference in forgeability at 1000 degrees Cent. between the 0.10 
| 0.16 per cent carbon steels is so comparatively large for the small differ- 
in carbon content that a complete analysis would be especially welcome. 
\ continuance of forgeability tests to include the higher chromium steels 
high speed tool steels would be of particular interest to tool steel makers 
isers, especially if extended to temperatures around 1200 degrees Cent. 
Written Discussion: By F. W. Spencer, Coventry, England. 
| was interested in reading this paper by Mr. Ellis. It represents a consider- 
t of work upon the author’s part. 


N ntion, however, is made of the condition of the anvil or pallet faces 
hammer. I presume that these were hardened and ground per- 
smooth and flat. This is important, as I have found, when making 


ests between the blow of a 1000-pound drop hammer and a fric- 


704 TRANSACTIONS OF THE . 


tion screw press, that the condition of the surface of the pallet 
the results considerably. 

The practical forge man would like a simple formula for fi 
size of hammer forging machine or press required to deform, flat 
certain common shapes. This will require time and expense 
part, and the makers of forging equipment have a splendid op, 
carrying out useful experiments in this direction. 

Written Discussion: By S. A. Main, Sheffield, England. 

It may be of interest to know that the useful formula given | 


Imaginary Point 
Common to All Metals 


OU LA 
oY for 1] M 


J00 400 500600 800 1000 
Energy in Ft-lb. 


® 
x 
s 
S 
8 
& 
% 
% 
8 
S 
® 
S 
XS 
Q 











Graph on Log-Log Coordinates, Where Relation Between 
Energy of Blow and Reduction of Normal ™%-In. Sample 
Plots as a Straight Line. 


in his paper on the forgeability of steel can be put into a form enabling its raj 


working by graphic methods. His formula, which gives the energy required ! 
stated amounts of deformation of a steel cylinder, is 


log E log b+ (1.56 (0).47 log b) log D 


The parameter b is clearly the value of the energy E for a reductio1 
of 1 per cent. The formula can be rewritten 


3.32 — log E = a (2.13 log D) 
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e parameter chosen in this equation, 1s equal to (1.56 0.47 log b). 


iginary condition when log D 2.13 (corresponding to a reduction 
©), log E is 3.32 (E 2089 ft-lb.) whatever the value of a, for then 


side of the second equation vanishes and log E becomes equal to 












29 it means that under these conditions all materials coming within the 
at all temperatures would behave alike. 


conditions can only exist in a mathematical sense, but this fact 


sists the plotting, for on double logarithmic paper, E and D give a straight 
Mr the slope of which is the parameter a. 
\ll such lines for all materials and for all temperatures covered by the 
pass, when produced beyond the LD 100 per cent line, through the 
134.9, E 2089 foot-pounds. This is shown on the accompanying 


It follows that all that is necessary to determine the forgeability 
mal sample of steel at a given temperature is to join up any single 
ite observation with this point by a straight line, which shows all cor- 


nding values of deformation and energy for that particular steel and 
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divergence downwards of such lines indicates that when the behavior 

steel at any temperature is being compared with that of the same or 
ther steel, at the same or any other temperature, the ratio of difference 
mes less the larger the amount of deformation on which the comparison 


1 


he same limits of applicability naturally apply to the modified formula, 
he plotting, as to the original formula. 

It may be of further interest to know that, according to my own observa- 
s at the Hecla Works of Hadfields, Ltd., a formula of the same general 


applies approximately in the case of copper cylinders tested cold. 


Author’s Closure 


In dealing with the written discussions of my paper, it may be well for 


+ 


consider them in alphabetical order. For this reason I will take up 





rst the contribution which Dr. Allen has forwarded. 
| am particularly interested in his remarks regarding the increased 
rgeability which can result from variations in treatment of the ingot during 


le 


mmer cogging, and the similar softening effect that is observed in working 
wn high carbon steels made with less scrap in the furnace charge. Dr. 
bling its ra llen points out that I have been unable to show clearly by my forgeability 
sy required { sts that any marked difference remains in steels of eutectoid analysis, despite 
in methods of manufacture and in the character of the charge. Dr. 
nts out, however, that the work described in this paper does support 

view that such a difference may exist, and I am happy to think that I may 

ible to cooperate still further with Dr. Allen in this connection. Dr. 
llen’s suggestion that a valuable addition to the present paper would be the 


] + 
— 
a redu 


inalyses of the steels used will, I believe, be complied with at a 


not at all improbable that I will carry this work forward to include 
chromium and high speed tool steels. 
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I much appreciate the remarks which have been made by M 
whose wide experience in the manufacture of heavy forgings ap, 
in line in the main with the results which I have presented in thi 
am fully in agreement with Mr. Ashdown’s remarks regarding th. 
of the effect of the critical range upon the forgeability of steel. 
studies the curves shown in the paper cannot but be impressed by 
reduction in plasticity which occurs when the As point has been pa 

In reply to Mr. Deuble’s suggestion that it would have been 
have started from hot-rolled material, it may be said that all the 
the exception of the eutectoid steels referred to in the section on t 
of melting practice and the eutectoid steel of which the malleability 
relationship is shown in figure 3, were tested in the hot-rolled co: 
other words, only the eutectoid steels were in the annealed state prio: 
ing. The 0.68 per cent carbon steel of Fig. 3 was tested in the 
condition, the 0.85 per cent carbon steel in the annealed state. = I: 
nection it may be of interest to mention the results of experiments 
the steels I and J, which were the subject of Mr. Deuble’s discussion. 
of these steels were heated in a Globar furnace, passing the As; point 
imately 35 minutes after introduction into the furnace, and reaching 
perature of 860 degrees Cent. 1 hour later. The current was then shut off 
the samples allowed to cool with the furnace. When forged at approxit 
720 degrees Cent., steel I was reduced 9.1 per cent, and steel J 9.7 per « 
when forged at approximately 740 degrees Cent., steel I was reduced 98 | 
cent, and steel J 9.2 per cent; when forged at approximately 955 degrees C 
steel I was reduced 9.6 per cent, and steel J 9.4 per cent. To all intents a 
purposes, then, the two steels after annealing were equally amenable to pl 


deformation. at temperatures below the critical range. In brief, anneali: 


wipes out the effects of vanadium on the forgeability of steel of this con 
at temperatures below the A, point. 

Mr. Deuble raises the point referred to by Dr. Allen regarding the eft 
of analysis upon the forgeability of steel. It is not my wish to suggest 
steel made by, shall we say, the acid Bessemer process would be similar 
its resistance to forging to steel made by the basic open-hearth process 
that I have attempted to point out in this paper is that, when dealing wit 
particular series of eutectoid steels which had been produced from charges 
varying quite considerably in character, no differences in malleability \ 
of note were encountered. I would be the last to support the view 
methods of manufacture were unimportant in this connection and should 
glad to have the opportunity of testing steels of similar chemical anal 
(using the term “chemical analysis” in the orthodox sense), but of differ 
origin (using the term “origin” in the widest sense). 

I agree with Mr. Deuble that it would be difficult to apply the results 
my work directly to the manufacture of drop forgings at the present tim 
hope later, however, to discover how variations in shape of the sample, ¢t 


{ 
saitimate 
Liiic 


affect the amount of energy required to reduce the material and 
to present to the metallurgical industry information which will assist them | 
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heforehand what energy is required to form a piece of steel of any 

ysis into a particular shape. 
\f leming’s kind remarks are greatly appreciated. Mr. Fleming asks 
rt Aa the samples used in these experiments were cut from bars as rolled 
nachined to size. They were cut from bars-as rolled and were care- 
chined on the cut surfaces before testing so that such variations in 
vere negligible. It may be taken as correct, also, that variations in 


ter were inappreciable. 


wit + ic interesting to note that Mr. Fleming believes vanadium to alter the 
e influer eate of change of forgeability with temperature. 
perati Mr. Steever’s remarks bring out a point which had scarcely been con- 


red by me when my experiments were under way, a point which has been 


ior to fors referred to by other contributors to this discussion—namely, the importance of 
“as-roll rgeability upon the life of the dies used in forging. If any work that I have 
In that cor nducted to date will lead to an improvement in the life of dies, I shall cer 
its mad tainly be well satisfied. 
n. Samples In reply to Mr. Spencer’s comments, it may be stated that both anvil and 
int appr . :mmer were hardened, their faces being ground prior to use. Care was taken 
ng the ter to have the surfaces of the anvil and hammer parallel to one another in the 
yproximat It is the hope of the author to be able to gather information regarding the 
.7 per cent ; effects of variations in the shape of parts being forged and the energy re- 
uced 9.8 | uired to deform them by definite amounts. Some interesting relationships have 
egrees Cent ilready been obtained with cones and frustra of cones. 
| intents ; Mr. Main’s observations are of particular value, since they bring out so 
le to plast learly the significance of the equation and, particularly, to the parameter bp. 
f, annealing [he fact that a formula of the same general form applies approximately in the 
- composit se of copper cylinders tested cold is of considerable interest. 


In concluding my remarks, I would say that I should appreciate any sug- 
ne the effect gestions that members might give me regarding future work in this connection. 
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METALLURGICAL SPECTRUM ANALYSIS 
By WELTON J. Crook 


Abstract 


This paper describes the construction and use 
21-foot focal length grating spectrograph as applied 
metallurgical analysis. A new method of reading i: 
scribed, in which the spectrum film is placed in an enla 
and projected onto visual charts. The readings are 
at a magnification such that 1 A. U. = 5 millimeters. 
this way the tedious method of the use of a micro « 
parator is obviated. 


I NTRODUCTION 


F JR a number of years the spectrograph has been made use 

as an adjunct to chemical methods of analysis, but it seems 
that the method has been applied, except in certain cases, mostly | 
the scientist rather than by the technologist. It is believed that most 
workers in the engineering and metallurgical fields have felt that th 
method was too intricate, slow and cumbersome so that it scarcel) 
had a place in the ordinary well-equipped metallurgical laboratory 
During the last five years or so, articles have occasionally appear 
in the technical literature, calling attention to the advantages 

spectrographic methods, and some texts on metallurgical analysis 
have devoted numerous pages to spectrographic technique.  Nais! 
and Clennell' devoted a chapter of eighteen pages to this subject 


and include an excellent working bibliography. The instrument 


described are restricted to the prism types, but the general discussio! 
can be applied equally well to grating instruments. 

The gradual recognition of the method is shown by the increas 
ing number of articles appearing in technical and trade magazines 
Numerous applications are described for special purposes such as 1! 
metal refining and in the steel industry. G. Scheibe?® points out 


1W. A. Naish and J. E. Clennell, “Select Methods of Metallurgical Analysis, 
Wiley and Sons, New York. 


G. H. H. Konzern, ‘‘Mitteilungen aus den Forschungsanstalten,” July 
] 


stracted in Jron Age, April 7, 1932. 

The author, Welton J. Crook, is a member of the society and 1s protesso! 
of metallurgy, Stanford University, California. Manuscript received Nov 
ber 22, 1932. 
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veral salient features in connection with the application of spec 
to metallurgical analysis. He states that the advantages 
method, when applied to steel analysis, consist in “high 
-ensitivity, freedom from hindrance of one chemical element with 
he determination of another, speed and smallness of sample so that 
. finished piece may be analyzed without injury, low cost, and the 
manent documentary evidence of spectrograms.” 

When general metallurgical analysis and investigation are con 
sidered, the outstanding advantage of the method is the ease with 
5 In vhich preliminary quantitative metal analyses may be secured, when 
lealing with complex alloys, on which a plan of chemical quantita- 
tive analysis may be based; also the great ease and speed with which 
the composition of steels and other alloys may be compared. In 
the realm of mineral analysis, especially where the rarer elements 
ire encountered, the spectrograph is almost indispensable. 

t it seems . Much work has been done and continues to be done on the 
mostly | subject of quantitative spectrographic analysis, particularly in con- 


I that most nection with the estimation of small quantities of impurities in re- 
elt that th fined metals. It is believed that quantitative spectrum analysis has 
it scarcely its best field along these lines, although some workers, particularly 
laboratory in Germany, believe that within a few years the spectrograph will 
y appear 


entirely supplant the chemical laboratory in industrial applications. 
antages 


Others, well skilled in the art, agree with the writer that the spectro- 
al analysis 


ue, Nais! 


11S subje . 


graph is only a most useful adjunct to chemical methods. 
In general, when quantitative measurements of any degree of 
exactness are undertaken, the apparatus and operations must be 


— greatly complicated except, perhaps, in one method described by 


| discussi0 Meggers, Kiess, and Stimson* and others in which small quantities 
| | Impurities in refined metals may be estimated by the comparison 
he — § of spectra from standards of known impurity content. 
geen Several years ago the need for spectrographic equipment was 
such as 1 telt in the various divisions of the Department of Mining Engineer- 


points ow 


"\T 


ing at Stanford University. Some preliminary study was made re- 
ae ; sarding the best type of equipment for the needs, as well as to the 
minimum cost at which suitable apparatus could be secured. Ade- 
(uate equipment of the usual type, which could be purchased from 
instrument manufacturers, was found to be beyond the funds avail- 


| is professo dle; also, the usual methods of reading the spectrograms in general 
ived Noven 


\ 


Meggers, C. C. Kiess, F. J. Stimson, ‘Practical Spectrographic Analysis,” U. S. 
standards Scientific Paper No. 444, July 1921, p. 244-252. 
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use were considered to be time consuming and cumbers 
paper describes the apparatus finally installed and the 
operation evolved. It is hoped that the information giy 
of use to others and may help, in a small way, to extend 
spectrometry in metallurgical investigation. The author 
neer and approaches, with trepidation, the discussion of 
which up to the present time has resided largely in the real: 
physicist and scientist. No basal knowledge of the s 
spectrometry is possessed or assumed. Interest is limited to 
cation of the spectrograph as a useful tool in aiding metallurgica] 
vestigation. Nevertheless, no one can work long with a spectrogra 
without becoming fascinated and enthusiastic with its possibilities 
This is shown in the writings of many authors of which Jacques 
det* and G. Urban are examples. “Index of Spectra,” by the lat 
Marshall Watts, Ismalia, Clatterton Gardens, West Cliff on S 


Essex, England, consists of 16 volumes. The latest, Appendix AA 


was issued in 1931. Each volume contains complete tables of sp 
trum lines of one or more elements, and generally records the 
sults of several workers with bibliography. 

“The International Critical Tables,” Vol V, is a most usefu 
reference containing a fairly complete list of the lines of all the el 
ments. It is almost indispensable to those working in spectrograph) 

Many excellent technical publications, catalogs, and descriptiv 
circulars have been issued by a number of optical manufacturers sucl 
as Adam Hilger, Ltd., London; Carl Zeiss, Jena; and Bausch a 
Lomb Optical Company, Rochester, New York. These publications 
deal almost entirely with instruments of the prism type. 


CHOICE OF EQUIPMENT 


It should be stated at the outset that if serious and useful work 
is to be undertaken with the spectrograph, an instrument, either 0! 
the prism or grating type, having a reasonably large dispersion mus 
be available. The small glass prism instruments sometimes seen 1! 
chemical laboratories are merely scientific toys. Use of such aj 
paratus leads to discouragement and prejudices the mind of # 
operator against spectrographic methods. 

Without undertaking a long discussion of the various mer! 


‘Jacques Bardet, “Atlas de Spectres d’Arc,”” 1926, Gaston Dorin et C1 Edit 
8 Place de |’Odion 8, Paris. 
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ral kinds of available instruments, it may be said that before 
the equipment described in this article, some study was 
| consideration given to the matter. It was desired to obtain 


trument of maximum dispersion and ease of operation con- 


jstent with the relatively small amount of money available for the 


Final choice was made on a grating spectrograph having a 
| length of 21 feet. An instrument of this type has great disper- 
ower, freedom from optical accessories, and desirable ease 


manipulation. It has several admitted disadvantages, chief of 


hich is the difficulty of obtaining a grating of suitable size. 


large gratings are obtainable from only a few sources: from 


universities in the United States and one source in England. 


he instrument requires a relatively large space for installation and 


nnot be purchased ready to operate, but must be built. The 


sults obtained so far have justified, at least in our minds, the 


riginal decision. One great advantage of the grating over the 
rism is the constant dispersion over the whole spectrum as com- 
ired with the great crowding of the prism spectrum toward the 


visible end. This point will be particularly appreciated later when 


methods of reading spectra are discussed. 





DESCRIPTION OF THE APPARATUS 


[he essential components of the grating spectrograph are the 


rating, activating apparatus, collimating lens, mechanical slit, casette 


7 


photographic film holder, and the arrangements for maintaining 
‘casette in proper alignment and distance from the grating. The 
ating used is of the concave type having a focal length of 20.71 
t, and is ruled for a length of 6 inches with 14,600 lines per inch. 
was obtained from the laboratory of Professor Woods at Johns 


Hopkins University. In order to be in proper adjustment, the grat- 


iat 


ig, slit, and casette must be maintained in a certain exact relation- 


nit 
L} 


to each other. Adjustment will be maintained if the grating, slit, 
d casette are placed on the circumference of a circle whose radius 


s one-half that of the radius of curvature of the grating. This re- 


hip is shown in Fig. 1. R is the radius of curvature of the 
ng. GCS is a circle whose radius r is one-half R. The condi- 
ns are fulfilled if the grating G, the slit S, and the casette C lie 
ircumference of the circle whose radius is r. In the particular 


ised, R is 20.71 feet, so that r equals 20.71 divided by 2 feet. 
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The spectrum is in focus on the are of the circle SCG. 
simplify the mount and make a setup which may be readil 


Fig. 1—Diagram Showing Method of Mounting Grating. 
a strong hub was set up at point H and connected with the casett 


by a truss arm, marked “arm” in Fig. 1. 
A number of methods of mounting the grating spectrograp! 





Arc ‘lens 


Activating Rm. 


Xs 
(Cassette 
Table ~ Spectrograph Room 


Cassette 


Fig. 2—-Spectrographic Equipment Setup. 


have been suggested and used since Roland developed his 
mount. Most of these methods involve very accurate and intricat 
machine work which was beyond our capabilities. Fig. | 
diagrammatically the type of mount which was evolved in our | 


oratory and which has given good satisfaction. The setup requ! 
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the casett 





Fig. 3—Arrangement of Activating Room. 





separate rooms. One small room, marked “activating room,” 
ntains an optical bench upon which is mounted a double adjustable 
electrode holder, a quartz collimating lens and the slit. The are 1s 
unected, through an adjustable carbon disk resistance, to a source 
220-volt direct current, and the circuit includes a suitable am- 
meter. The slit is mounted on a stand which rests on the optical 
bench and is fitted to a connection through the light-tight partition 
separating the activating room from the spectrograph room proper. 
this latter room must be capable of being made absolutely light 
tight, and it is a convenience to have a photographic dark room di- 
rectly connected to it. An electrically controlled solenoid shutter 1s 





placed in the spectrograph room in front of the slit opening, and is 
controlled by a switch in the activating room. A red lamp globe 1s 
led in the shutter circuit and indicates when the shutter is open 
1d intricate r closed. 


lis origina inclu 


2 show Lhe arrangement of the activating room is shown in Fig. 3. 
. - 7’ lh 5 aie as : E: . ; ° . 
in our la ‘he grating with its adjustable mount is placed on a heavy steel plate 
ip requir hich very firmly attached to the corner of the stone building. 
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Fig. 4—-Cassette Table with Cassette and Film Holde1 


The face of the erating is placed 20.71 feet from the slit. Hal 
way between the grating and the slit another steel plate is attach 

to the wall supporting a strong vertical hub. This hub carries a tr 

arm, constructed of brazed steel tubing, at the end of which is at 
tached the casette. Fig. 5. 

The casette itself is mounted on adjustable steel plates fit 
with two large ball bearings which run on a steel plate attached 
the table top. A general view of the casette table is shown in Fig 

The adjustment of the whole apparatus is made as 
Having lighted the arc, the collimating lens is adjusted so that the at 
image is in focus and exactly centered on the slit. The slit is the’ 
opened to allow a strong beam of light to strike on the grating 
surveyor’s transit or level is then set up in the spectrograph room al 
a position so that the instrument may be traversed to view the 
ing, slit opening and the casette. The horizontal center of the grat 
ing is then adjusted to the same level as the center of the slit ope 


ing, and the opening in the casette is adjusted in a similar manne! 


The optical center of the grating, which appears as a bright imag 


- 4 


of the slit, is then directed back on the slit opening by means | 
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rries a tru 


which is at 


rates itt ‘ig. 5 Cc oseup iew ot Casette 

plates { . I \ 

attached 1 ; s ; 
te Diy » levelling screws on the grating mount. Then, with the room in 
ee ae darkness, the casette having been moved to the visible region of the 
eek tte «1 » first order spectrum, the exact center of the spectrum band is ad- 
slit is ther ; usted to the casette opening. The instrument should then be in ad- 
a —» justment and with ordinary care will stay in this condition in- 


definitely. 
iph room a J 


ay the oral : OPERATION OF EQUIPMENT 


are spectrum work several kinds of electrodes are in com- 
use. These include rods of the metal under examination, puri 
led carl 


on electrodes, rods of copper or silver, and iron electrodes. 
Be ois i * ee li ° . ° 
‘or general purposes, the writer has found that iron electrodes ar- 


range 


in the form of the “Pfund arc’’ are the most convenient; but 
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Fig. 6—Closeup View of Grating. 


it must be noted that unless an instrument having great dispersio 
power is used, the superimposition of the crowded iron spectrun 
which occurs will obliterate very thoroughly the spectrum of 
material under examination. With the 21-foot grating this conditio: 
gives no trouble. 

The Pfund arc used consists of two electrodes of Armco iron, 
the upper having a diameter of about 1% inch and the lower about 
% inch. The lower and positive electrode is drilled with a shallow 
depression about 1g inch deep. The upper electrode is fitted with a 
adjustable brass sleeve or radiator which prevents the iron fr 
melting too rapidly and forming too large an oxide bead. The de- 
tails of the electrodes are shown in Fig. 3. A direct current of » 
amperes at 220 volts has been found to be the most convenient 


When carbon electrodes are used, a similar procedure is followed 
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ot that the positive electrode may be somewhat smaller and the 


eXCC} 


-adiator or sleeve is eliminated from the upper electrode. Although 


be carbon are has the advantage of a more brilliant light and there- 
‘ore shorter exposure times, it possesses the very great objection of 
sroducing band spectra of carbon oxide. These band spectra are 
narticularly objectionable in the visible spectrum, and extend down 
‘nto the violet. The presence of these bands, which entirely block out 
ertain sections of the spectrum, is one of the reasons why the 
writer has confined his work to the ultra violet region between about 
2500 and 4200 A. U. The appearance of these band spectra is il- 
lustrated in Fig. 7, in which the spectrum of iron is below and that 
of the carbon arc is above. The region shown is about 3850 A. U. 
\nother disadvantage of the carbon arc is the rapid burning of the 
electrodes which necessitates continual adjustment of the arc length. 

When metal specimens are under investigation, the samples are 
most convenient in the form of small drillings or chips. A small 
yuantity is placed in the cup of the lower electrode of the Pfund are 
and an are struck. The sample quickly melts down to a bead. In 
the case of iron or steel samples, the bead almost instantly becomes 
oxidized to iron oxide. An oxide bead then forms on the upper elec- 
trode so that, with ferrous samples, the arc is really maintained be- 
tween two iron oxide beads rather than between two metal elec- 
trodes. When hot, the iron oxide is an excellent conductor, and a 
very steady arc is maintained with a current of 5 amperes. Another 
advantage of the Pfund are is that when an exposure is finished, the 
metal bead on the lower electrode may be removed with a forceps 
ind another sample substituted. The.bead does not stick to the elec- 


le or contaminate it. Where nonconducting materials have to be 
examined, a portion of the sample may be ground in a clean agate 
nortar with a proportion of pure iron oxide. The resulting mixture 
is then placed on the lower electrode. When the arc is struck, gen- 
rally by connecting the two electrodes for an instant with a carbon 
rod, an oxide bead is formed which dissolves the sample. 

It is possible that this use of an oxide bead mixture has an ad- 
vantage in preventing rapid exhaustion of the elements in the sam- 
ple because most substances are rapidly oxidized in the presence of 
molten iron oxide and the oxides are, in general, less volatile than 
the elements themselves. In the case of the carbon arc, there is a 


le reducing effect which tends to prevent oxide formation 


"7 
allt 


‘even reduces some oxides which may be present. The matter of 
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exhaustion of elements in a sample treated by the two 

; under investigation at the present time; therefore a definite 

the matter cannot be expressed. When any form of 

ve work is attempted, the matter of exhaustion must be 
consideration, and it is of importance even when quali- 
results are desired. From tests which have been made it is be- 
| that noticeable exhaustion does not occur in the elements ordi- 


occurring 1n steels and common alloys. In this connection a 


rest was made on U. S. Bureau of Standards sample No, 32A, chro- 


m-nickel steel. The portion of the spectrum examined was be- 
2700 and 3340 A. U. After the bead had properly formed, a 
ninute exposure was given. ‘This was repeated four times on 


he same bead, so that the total time of arc action was over 30 min- 
s when the last spectrogram was made. A careful check on the 


lines appearing in the first and last photographs showed the same 


1 


iber of lines of both chromium and nickel to be present. It is 
elieved that all elements will not show the same stability. Vanadium 
s given no trouble in this regard. Little difficulty has been en- 
ntered from this source in most metallurgical work. 

\Vhen work is contemplated in the ultra violet region it is 1m- 
perative that a quartz collimating lens be used. The are stand 
hould be set at such a distance from the slit that when the are 
inage is focused on it by the lens, the image of the actual space be- 
veen the electrodes more than covers the slit length. If the are 


s 


s too close to the slit, the production of a suitable arc length 
necessitate the maintenance of too wide an electrode distance. 
The mechanical slit used is fitted with an index drum calibrated 

‘0 that each of the ten numbered divisions represents a slit opening 

(| V.001 inch. Each of the numbered divisions is again subdivided 


ito ten. Where a slit opening of “one” is stated, an actual opening 


1000 inch is represented; an opening of 2 is 2/1000 inch, and 
The slit has also been fitted with a V-shaped diaphragm 


1 


nich controls the vertical length of the slit opening. The choice of 


(>) 


ening is of importance. Upon it depends the resolving power 
to separate closely adjacent spectrum lines. Also, it con- 
ls the exposure necessary for photographing the spectrum because 
the amount of light admitted to the grating is proportional to the slit 
pening. It would seem that the smallest slit opening, consistent 


1 
with 


sonable exposure time, should be used. With the instru- 
', careful microscopic study of the actual visible spectrum 
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by probably only a few hundredths of an Angstrom 
With an opening of 4/1000 inch, they 


differentiated. 
one line. 


As previously stated, the exposure required varies 


showed that with a slit opening up to 3/1000 inch, li 


the slit opening. 


is one minute, a slit of “2” will require one-half minute, 
The exposure also varies with the particular region of the s 
photographed, as well as with the speed and sensitivity oj 


or films used. 


while in the extreme ultra violet they are very long. | 


TRANSACTIONS 


OF tae 4. S..g:-T. 







If the exposure required with an op 
spect 


he 1 


In the visible spectrum the exposures are very s| 


nder ¢ 


same conditions of plate and slit opening, a casette setting at 37 


GAL VJ/ 


A. U. may require an exposure of six seconds; but with a casett 


setting at 2500 A. U., the required exposure may be 30 minutes 


is difficult to obtain satisfactory photographs below 2200 A, U 


less special plates are used. The air itself rapidly absorbs light 


small wave lengths. In ordinary analytical work there is no reas 


for observations below 2500 A. U., because most elements 


number of lines in the region bet een this point and the visil 


spectrum. Correct exposure times are easily determined by a seri 


of test exposures. 


It is probable that most spectrum photographs are mac 


plates rather than on films. The use of plates has a number of 


advantages which are particularly noticeable when the methods | 


reading, which will be described, are applied. In the writer's \ 


films have always been used. They are easily stored for referei 


are not subject to breakage, and may be readily cut to size for « 


largement reading. 


No trouble whatever has been met in the matte! 


of stretch or distortion. 


Some study has been made as to the best type of emulsio1 


the purpose. 


For work in the ultra violet region, either [ast 


“Commercial” or “Commercial Ortho” cut films have been tou 


to be suitable and satisfactory. The Commercial film has less te! 


ency to fog, but is quite insensitive in the yellow and red ot | 


visible region. 
what faster 


tendency to f 


Commercial Ortho film is yellow sensitive and som 


than 


or 
OS. 


Commercial in the ultra violet, but has son 
For general visible spectrum work, where phot 


graphs of the red region are required, some form of panchromal 


film will be necessary. Process panchromatic emulsions have bet’ 


found to be very satisfactory. Work in the infra red region require 
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lyed plates, but work in this region is outside the scope of 
his artic le and these plates therefore need not be considered. ‘The 
sette used takes a plate or film 4 x 10 inches. The films are pur- 
sed 8 x 10 inch size and cut in half. About 16 exposures can be 


made on one 4 x 10 inch film. 















Some authorities recommend the use of certain “‘contrasty” de- 
lopers for spectrum work. Comparative tests have been made with 
large number of developer formulae, but it has been found that if 
the negative is given full development, the type of developer has 
‘ttle or no bearing on the results obtained, except in the case of 
panchromatic emulsions. For general work Eastman’s Elon D-11 
formula has given satisfaction. This is a fast developer requiring 
5 minutes at 65 degrees Fahr. Where the negatives are to be sub- 
‘ected to great enlargement, it is believed that real advantage in the 
production of small grain size may be obtained by the use of Fast- . 
in’s Borax developer formula D-76. 












Metuops OF READING SPECTROGRAMS 








Several methods may be used for reading the spectrograms for 
he identification of lines and determination of their wave length. 
\ comparatively simple method which does not involve the use of an 

















expensive micro comparator is to prepare a set of spectrum negatives 
using pure salts of the various elements in an are of purified car- 
bons. It is not a difficult matter to identify and mark in the wave 
lengths of the principal lines on the negatives, and then compare the 
unknown spectrum with the set of negatives. This method becomes 
rather complicated and somewhat uncertain when complex substances 
are under investigation, but may be sufficient in some cases. It is 
i great aid if an iron spectrum photograph is imposed beneath the 
unknown spectrum so that it may be used for purposes of orienta- 
tion. Certain of the prominent iron lines may be recognized by com- 
parison with the enlargement of the iron spectrum published by 
\dam Hilger, Ltd., London. 

The most usual method of identification is by means of the 
micro comparator. This instrument consists of a microscope mounted 







an accurate lead screw so that it may be traversed along the 
spectrum negative which is illuminated by transmitted light. The 
ead screw is fitted with an indexed head in order that the distance 
“tween lines may be exactly measured. In this case a pure iron 
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spectrum is used as a guide. The wave length of lines | 
determined, their identity must be established by referen 
of spectra such as appears in the International Critical Tal 
spectrographs from prism instruments are read in this wa 
culation of exact wave lengths is greatly complicated by 
uniformity of the dispersion. Another method is one suggested }y 


Adam Hilger, Ltd., by the use of “R. U. powder.’® This powde, 


has been developed by J. W. Ryde and H. C. Jenkins at the Resea 
Laboratories of the General Electric Company, Ltd., Wemble, 


rc} 


This powder consists of small quantities of fifty elements incorpo 
rated in a base material composed of zinc, magnesium, and calciyy 
oxides. The quantity of each element present has been careful) 
adjusted so that only the “‘raies ultimes’”’ (most persistent lines) and 
the most important sensitive lines appear when the spectrum is ex 
cited by placing some of the powder in the ordinary electric ar 
On the average, about seven lines appear per element. All the ele 
ments present are evenly distributed throughout the bulk of the povw- 
der so that, under controlled conditions of excitation, the same con 
posite spectrum is produced. When used as a comparison spectrun 
the sensitive lines of all the elements present as impurities in th 
substance under examination will coincide with the corresponding 
lines in the “R. U.” spectrum. A tabulation, as well as a set of e1 
largements of the arc spectrum (from a prism instrument) has bee 
prepared. The origin of each line is marked so that all the elements 
present in the sample may be readily identified. 

The tediousness of the usual methods of line identification, esp 
cially when applied to iron alloy spectra, lead the writer to adopt other 
means such that the great complexity of the iron spectrum was 
turned into an aid rather than a hindrance. It is believed that th 
methods to be described are easier of application and may be oper: 
ated with greater speed, having due consideration for accuracy, thai 
any which have come to the writer’s attention. It is true that con 
siderable preliminary work is necessary, but when once this Is a 
complished it is done for all time. Reference is made to the pro 
duction of visual charts or spectrum atlases. 

The original spectrograms produced with the 21-foot grating 
have a dispersion such that one inch contains about 66.5 Angstrom 
units, or 1 A. U. = 0.015 inch. This represents an initial magni! 


5Adam Hilger, Ltd., London, 4th Ed., ‘‘The Practice of Spectrum A! 
p. 24-25. 
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7 om of about 3,800,000 times. Even with such a high dispersion, 
nee - . | differentiation of the lines of the iron spectrum is difficult with 
bles. Whe; ‘he unaided eye. The upper portion of Fig. 9 shows a portion of the 
vay, the cal- -nectrum of chromium-vanadium steel at the original scale. A 
by the no method of reading was adopted in which an enlargement of 8}'p 
wedi a mes is made of the original negative, giving a spectrogram such 
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» adopt other 
yectrum was Fig. 8—Plate from Spectrum Atlas. Reduced to 2/5 Original Size. 


ved that th 


nay be oper: Basis shown at the bottom of Fig. 9. In these cases the magnifica- 
<curacy, that § tion is equivalent to 32,000,000 times, so that one inch equals 7.8 
rue that cor p A U.or 1 A. U. = 0.127 inch = 3.2 millimeters. 
ve Aika is a ; in the preparation of the first chart, an enlarged iron spectrum 
to the pro- § photograph was made from 2400 to 4000 A. U. in strips about 10 
| inches long, which were attached to sections of heavy white card- 
foot grating board measuring 8 x 10 inches. Under each section was drawn a 
55 Angstrom numbered scale in units of one Angstrom. Above each spectrum 


Strut 


"ip was drawn the position of every spectrum line, as shown in 
the International Critical Tables, for about thirty elements commonly 
Analysis.” 1% inet with in metallurgical work. The total number of chart cards 


itial magnih 
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Fig. 9—Portion of Spectrum of Chromium-Vanadium Steel. Reduce 
Original Size. 
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is 24, making a total spectrum length of 20 feet. The 

of one of the cards 1s shown at a reduced scale in Fig. 8. 
method of application is as follows. Before the exposure 
spectrogram of the unknown material is made, an iron spec- 
oram is exposed on the film. The ratchet on the casette is turned 
one notch and the unknown spectrum exposed. Care is taken 
Jlow no lateral displacement of the casette. When the film is 


eyeloped the iron spectrum should lie below the unknown spectrum. 


Vhen the film is dry it is placed in a photo enlarger. The enlarger 
adjusted so that the iron guide spectrum on the film exactly 
tche s the iron spectrum lines on the chart. The projection shadow 
‘the unknown spectrum will then lie on the chart above the shadow 

the matched iron spectrum shadow. Any lines occurring in the 
inknown spectrum and not occurring in the pure iron guide spectrum 
mmediately become apparent, and their identity is at once estab- 
shed by their coincidence with the ruled position lines of the various 
lements. A reading of a spectrum strip covering 600 A. U. may 
be made in less than five minutes. This chart has been found to be 
i the greatest use and convenience, but it contains a record of only 
bout thirty elements and shows only those lines given for these 
lements in the International Critical Tables. 

It will be noticed that the iron reference spectrum on the chart 

s reversed; that is, the lines are black instead of white. This was 
urposely arranged because the projected lines from the negative 

‘study also appear black. It is found that it is easier to match 
black to black rather than black to white. The iron spectrum on the 
chart also appears to be poorly reproduced; only a few of the many 
ines really present are shown. This is also intentional because it 
has been found difficult to “find oneself” by matching two complete 

spectra, on account of the great multiplicity of lines and the 
complication of the line pattern. 


SPECTRUM GHOSTS 
“2999.5 
Unless one is fortunate enough to have available one of the few 
periect” gratings, some trouble may be experienced with “ghosts.” 
regard to ghosts, Baly® states: 


“Bell points out in his paper that the grating space is never 
throughout the whole extent of the ruled surface and the 





Baly, “Spectrometry,’’ Vol. I, pp. 33 and 159. 
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variations may be classed as regular and irregular. In th 
are put those which are periodic or linear, which produce | 
‘ghosts’—that is to say, false images and differences ji; 
opposite sides of the normal. 

“As regards the effect produced by errors in ruling, 
ing from periodic errors may be mentioned. By periodi 
meant the continual repeating of some false ruling; this ysys 
arises from some defect in the ruling machine which occurs a 
revolution of the screw. ‘The effect of errors of this kind is to » 
duce false images of lines, which are called “ghosts.” With a 


grating these lines are often nonexistent but they may, in cases 


assert themselves so much as to render a grating useless. It js | 
bright lines which most readily, of course, give rise to ghosts, a) 
the latter may be recognized by their appearing as weak lines sy 
metrically placed on each side of the brighter lines. Roland has 
vestigated the general theory of the effect of errors in the ruling 
gratings; as regards the ghosts arising from the periodic errors 
found that the intensity of ghosts of the first order is proportior 
to the square of the order of the spectrum considered and t 
square of the relative variation from the true grating interval.” 

When an iron standard is used as a reference it is essentia 
careful work to locate the ghosts present. Otherwise, ghosts may 
taken either as iron lines or as lines of impurities in the iron. 
presence of unidentified ghosts also tends to the finding of 
terious “unknown” lines. 


Ghost lines are not only symmetrical—that is, they lie exact 


at the same distance on each side of the lines of origin—but ther 


distance on each side of the origin line is exactly proportional to t 
wave length. In other words, if at 3000 A. U. the distance ot 

ghost each side of the origin line is 3.0 A. U., then at 4000 A 

the ghost interval will be 


3.0 « 4000 


4.0 A. U. 
3000 


With these conditions in mind, a line suspected of being a ghos' 


may be tested by measuring off the proper calculated distance: 


each side, depending on the wave length, and finding if a bright In 


is present. In such a test the scale of enlargement or the exact | 
persion scale must be known. The fact that a ghost always has 





partner at an equal distance on the other side of the origin line! 
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. of. In order to determine the ghost intervals so that they 
located and marked on another atlas, which will be described 

later, a spectrogram of the mercury are was made. The element 
ercury was chosen because it gives bright lines which are few in 
number, especially in the ultra violet region. The spectrograph neg- 


itive Was enlarged to the chart scale and the ghost intervals of sev- 
ts of ghosts measured with the following results: 


Wave Length Width of Ghost from Origin 

Inches 
3022 0.515 
3125 0.535 
3650 0.600 
4047 0.660 
4078 0.690 
4339 0.725 


From these data the ghost intervals can readily be calculated for any 
lesired portion of the spectrum. 

The second chart or atlas prepared consists in an iron spectrum 
of Armco iron) in which every iron line recorded by Burns in 
Watts’ Index of Spectra,’ from 3000 to 4200 A. U., was identified 
and the corresponding wave lengths recorded. In addition, the lines 
f all the impurities in the Armco iron were located, as well as the 
position of all visible ghosts. Each section of the chart was mounted 
n 8 x 10 inch heavy cardboard. Ten cards constitute the set. The 
working chart has a dispersion such that one inch equals 8.017 A. U., 
r 1 A. U. is equivalent to about 1% inch. 

In ordinary metallurgical analysis, the first chart described has 
been found adequate for all ordinary determinations. Generally the 
presence of ghosts or other unidentified lines is immaterial. In 
some cases, for instance, in the analysis of minerals which may con- 
tain some of the rarer elements or where exact determinations are 
imperative, or when all lines must be accounted for, the use of the 
second chart is of great convenience and is almost essential. 

The method used in constructing the second chart may be of 

A continuous over-lapping set of enlargements of a care- 
tully photographed Armco iron spectrum was prepared, covering the 
region of the spectrum desired. Starting with the first strip and 


TY 


i 


terring to Watts’ Index of Spectra, several prominent iron lines 
occurring in the strip were identified and the exact dispersion of the 


W. Marshall Watts, “Index of Spectra,’”’ Appendix Z, 1931, p. 52. 
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strip determined. A tabulation for the strip was ther 


using several prominent lines as a basis. All the record 


the Index were recorded and their difference in A. U. fro — 


e 
i 


lines first chosen, written in. From the dispersion previously ea. 
culated, the distances in A. U. were converted to mnches and 


ie 
COTce 


With a pair of dividers, a reading magnifier, and an accurate 


LC 







scale divided into 1/100 inch, the position of every line in the spe 


trum strip was located and checked. The wave lengths were the 
written in. Lines still unaccounted for must fall into four 


Cale 





gories: first, impurity lines; second, ghosts; third, lines of iron 





recorded in the index; fourth, unknown lines. The wave length 








each of these lines was located and marked. In this way over 150 
lines were recorded on the chart. 

The chart thus constructed may be utilized in several ways, 
spectrogram of an unknown sample may be prepared by means oj 


the Pfund are or the carbon are. In the first case an iron reference 
















spectrum will not be absolutely necessary, but with the carbon ar 
an iron reference spectrum should be included. In either case e: 
largements of the spectrum negative are made to the chart scale ; 

compared with the chart. The wave lengths of lines other than iro 
in the “unknown” spectrum may easily be estimated by eye wit! 
sufficient accuracy for identification in the International Critica 
Tables. For great accuracy of wave length determination, the w 
known lines may be scaled off with a dividers and calculated. T! 


projection method described above can also be applied if desired 


RESULTS OBTAINED 





This article will be concluded by discussing a few examples oi 
the results that have been obtained by the methods which have been 


described. Most of the writer’s work has been in connection wit! 











the spectrum analysis of steel and ferrous alloys. This particulat 
class of work presents many difficulties to the worker using th 
smaller types of prism instruments ordinarily found in chemical 
laboratories, but is easily accomplished with the 21-foot grating 4) 
paratus. 

In Fig. 9 is shown a spectrum of a chromium-vanadium stee 
In the upper spectrograph the elements chromium, silicon, tin, | 
per, manganese, tungsten, vanadium, and nickel may readily be ie 
tified by the reading methods which have been described. The lowe! 
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Fig. 11—Spectrum of Nitralloy Steel 
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section of the spectrogram shows the region, between 2987 


3000 A. U., enlarged to the reading scale and in which a few 
es have been marked. 

lhe identification of metallic elements in some of the rarer min- 
rals, which are becoming of increasing importance in later years, 
‘ten offers considerable difficulty in the chemical laboratory. The 
spectrum analysis of a sample of the mineral columbite from South 
Dakota may be used as an illustration. This mineral, essentially a 
slumbate of iron, contains a number of other metallic elements, 
some of which are difficult to separate and identify by chemical 
methods. Fig. 10 shows a spectrogram of this mineral between about 
3400 and 4005 A. U. In the illustration a number of the prominent 
lines in the iron guide spectrum have been identified and their wave 
lengths recorded. It is quite feasible to identify these iron lines by 
comparison with some published iron spectrum, for instance that of 
\dam Hilger, Ltd. The identity of prominent lines in the mineral 
spectrum can then be located and identified by measurement. In 
the case under discussion, the dispersion in the original photograph 
is such that one A. U. equals 0.015 inch or one inch equals 66.5 
A. U. With a pair of dividers and a 1/100 inch steel scale, all the 
prominent lines may be measured with sufficient accuracy for identi- 
fication by means of the data in the International Critical Tables. 
\ more convenient reference is one in which all the lines are ar- 
ranged in numerical sequence rather than by element groups. Watts’ 
Index of Spectra, Appendix U, 1911, is arranged in this manner. 

The method described is tedious and time consuming. Many 
of the fainter lines will be missed, as well as those which reside close 
to lines of iron. For careful work and where the more easily applied 
projection method of reading is used, the negative is enlarged to the 
scale shown in the lower portion of Fig. 10. In this figure a few of 
the lines have been identified and marked. If the spectrum negative 
is placed in a projector and the projected image used in connection 
with the first spectrum chart described in this article, the six hun- 
dred A. U. strip shown in Fig. 10 can be run over in a few minutes. 
Using this method on a spectrum negative, a total of 41 lines were 


iocated and recorded in less than ten minutes. By using the projec- 


tion method of reading, in which the dispersion is increased to a 
point where 1 Angstrom unit measures approximately 1% inch, 


ines that are very faint or that are closely adjacent to iron lines 


may readily be identified with a minimum consumption of time. 
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Since this article was written, a complete new set 
has been prepared, at a scale 1 A. U. 5 millimeter 
33 common elements and recording all the lines availabl 


erature. The charts include 700 A. U. in the ultra violet 


14 


area in the visible spectrum. <A total of about 14.000 1}; 


corded. These charts, as well as a consecutive index of 
all the metallic elements occurring in the areas covered by 


are now in course of publication. 














) ON THE INFLUENCE OF HYDROGEN ON THE TRANS- 
| chart FORMATIONS IN IRON 


By Hans ESSER AND HEINZ CORNELIUS 


Abstract 


The modified method of thermal analysis described 

his paper brings out the fact that the doubling of the 

transformation is due to the absorption of hydrogen 

ng annealing rather than to impurities in the metals 
ised in some previous researches. 

[he greater degree of accuracy in the present method 
is made possible by the small size of the specimens used 
and the briefness of the application of electric current im 
welding. 

Proof of the absorption theory is shown by the fact 
that the doubling is removed by degassing. 


\ their work concerning the critical ranges in the system iron 
carbon, Harrington and Wood! have presented metallographical 
nd thermal investigations of 32 pure steels. The most important 


, transformations 


esult of this work is the proof that the A, and A 
ke place in two stages which can be recognized as separate effects 
the differential thermal analysis curves. Such double effects have 
ot been observed by earlier workers. This led Harrington and 
\Vood to the suggestion that less pure samples had been used in 
previous researches. 

Some of the thermal differential curves of Harrington and 
\\ood for steels of various carbon contents are shown in Figs. 1 
ud 2. The double effects at A, and A, transformations can be 

ry plainly seen. The portion of the iron-carbon system, taken 
rom the heating curves, is shown in Fig. 3. The diagram shows 
bent lines which represent the temperature of the A, trans- 


rmof 


nation plotted against carbon content. The two effects which 


re tound for the A, transformation have however been repre- 


sented | 


by only one line. A number of details in which Fig. 3 differs 


Harrington and W. P. Wood, “Critical Ranges in Pure Tron-Carbon Alloys,” 
American Society for Steel Treating, Vol. 18, 1930, p 632 


Hans Esser, special lecturer, materials testing and metal treatment, 
r Eisenhiittenkunde, Aachen, Germany. Manuscript received March 
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Fig. 1—Heating and Cooling Curves of Steels with Carbon Contents as 

cated (Harrington and Wood). 
from the customary interpretation of the iron-carbon system 
here of secondary importance and will not be further discussed. 

In a more recent work, Harrington and Wood? have confirm 
the two-step transformations at A, and A,, and thereby suggest 
theory for the nature and the mechanism of the allotropic trans 
formations of iron and iron-carbon alloys. 

The connection between the work of Harrington and Wood an 
the present paper on the influence of hydrogen on the A, and A 
transformations is due to the method of preparation of the form 
samples. This method is based on the fact that at 960 degrees Cen! 
(1760 degrees Fahr.) in a constant atmosphere of dry hydroge! 
equilibrium between all the iron and all the carbon is reached in s) 
days. For instance, with a specimen of 0.6 per cent carbon ste¢! 


*R. H. Harrington and W. P. Wood, “Allotropy in Iron and Steel,” [RANSACT 
American Society for Steel Treating, Vol. 20, 1932, p. 529. 
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Fig. 2—Heating and Cooling Curves of Steels with Carbon Contents as Indicated 
Harrington and Wood). 


and two other specimens of pure iron (all the same size) one obtains 


three specimens each of 0.2 per cent carbon content. In this method 


ot preparation the iron cannot be prevented from absorbing a large 


quantity of hydrogen. 
The present investigation was carried out with the help of a 
modified method of thermal differential analysis which gave a 


greater degree of accuracy than previous methods. The specimens 


consisted of small plates with 0.5 millimeter thickness and 4 milli- 
mM 


‘ter diameter. A specimen of chronin (90.0 per cent nickel, 10.0 


per cent chromium) was used as the standard sample. The thermo- 
couple wires were attached to the specimens by electrical contact 
welding. The welding apparatus consisted of a small vise in which 
the specimen was gripped, and so formed one terminal of the elec- 
trical welding circuit. 
whicl 


The other terminal consisted of a copper point 


as pressed on to the specimen by a spring. For welding, 


one et 


of the thermocouple wire was pressed on to the specimen by 
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f 


the copper point. The welding current (3-6 volt, 100 a: 
then switched on for about one-tenth of a second by a bu 


Owing to the short time necessary for the welding and 


) OW} 
to the cooling of the specimen by the vise, oxidation only took 
in the neighborhood of the small welded spots. 

The small specimens used by the present writers make jt , 


sible to realize the same temperature throughout the wl 


Temperature, °C. 









0.20 040 060 280 1.00 120 = 1.40 1.60 180 


Per Cent Carbon 


Fig. 3—-Diagram Obtained by Plotting Points Observed on Heating 
the Specimens (Harrington and Wood). 





men, and to keep the specimen and the standard in a region of equ 
temperature. Since the specimens form the welds of the therm 
couples, any thermal effects are registered without any lag. In tl 
investigation of the influence of gases, small plates are very suitabl 
since they offer rapid diffusion of the gas into the middle of t! 
specimen. Fig. 4 shows the arrangement of the specimens in thi 
furnace. 










Before the treatment with hydrogen a thermal analysis curv 
was made of the sample in its original condition. Then the specime! 
was annealed in hydrogen under a pressure of a half to one atmos 
phere and thermal curves on cooling and heating in an atmospher 
of hydrogen were registered. The hydrogen was prepared electro- 
lytically, purified and dried. 


Fig. 5 shows the thermal differential curves of electrolytic 10m 
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original condition and (b) after one hour of annealing in 
at 1200 degrees Cent. (2190 degrees Fahr.). The in- 
this thermal treatment in hydrogen is shown by a definite 
ff the Ac, and Ar, points. 

In a further experiment, a steel of 0.75 per cent carbon; 0.12 
cent manganese; 0.10 per cent silicon; 0.021 per cent sulphur ; 
jer cent phosphorus was investigated. The differential curve 


Tube for Weter 
Evacuation, (e ooling 


Specimen Holder 
N Ground 






Ground 
Joint 







css 


Detai/ at A ( font ; 


=e rp Jemple 

=< PtRh 
“. Stenoerd 
Pt 


Arrangement of Samples and Furnace for Thermal Differential Analyses. 


this steel is shown in Fig. 6. The same specimen was de- 
rburized by annealing in hydrogen at 850-950 degrees Cent. (1560- 


\740 degrees Fahr.), then heated to 1000 degrees Cent. (1830 degrees 


ihr.), and cooling and reheating curves were taken. The doubling 


i the A, effect is already noticeable (Fig. 7 No. 1). The following 
raphs on the Saladin apparatus show a clearer appearance of the 


ubling at Ar, (Fig. 7, No. 2). This is very definite after three 


11 


inutes annealing in hydrogen at 1200 degrees Cent. (2190 degrees 


i ] ‘ so , _ Y - : . , . 2 , : . 
ahr.) (lig. 7 No. 3). After cooling in hydrogen the same specimen 
as leit tor one day in contact with air and then again investigated 


Table I 
lemperature of Transformation Points After Annealing in Hydrogen. Degrees Cent. 


Original Aco Are Aca Ars 

Material Maxima 1. Maxima 2. 1. Maxima 2. 
Per Cent Carbon Steel 772 770 921 932 arate 910 
Pet Cent Carbon Steel 769 768 920 932 908 910 
Per Cent Carbon Steel 775 772 924 938 908 910 
Per Cent Carbon Steel 773 773 923 936 908 910 
Per Cent Carbon Steel 764 769 928 ake 912 


| 
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(Fig. 7 No. 4). The doubling took place with equal 
however disappeared completely after heating the speci 


vacuum to 1300-1400 degrees Cent. (2370-2550 degre: 







afterwards cooling in a high vacuum down to room 


The curve taken after this treatment (Fig. 7 No. 5) shi 


(sinall) effect for the A, transformation. This seri 
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—> Jempersture,°C. 


=+—/Jempersture Difference ———> 









Fig. 5——-Influence of Hydrogen on the A 
Transformation. Electrolytic lron 





ments with the 0.75 per cent carbon steel makes it clear that | 


doubling of the A, transformation after annealing in hydroge 










due to the absorption of this gas. This is confirmed by the 
quently repeated observation that the doubling of the thermal trans 
formation effects is removed by degassing. The temperatures ol | 
maxima at A, for the curves in Fig. 6 are shown in Table I. 
Starting with various kinds of pure iron (electrolytic iron, 1! 
prepared by the carbonyl process) and carbon steel, the experiments 
on the influence of hydrogen on the A, transformation of practica 
carbon-free iron were repeated and confirmed. This influence | 


also be confirmed by dilatometric analysis. 
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| nsit : \ bling of the A, transformation effect was established also 
I In a] Da with 0.57 per cent carbon, after annealing for a few 
‘ hy Stes in hydrogen above Ac, (Fig. &). 
1 temperat I) view of these experiments one can safely say that the double 
shi 
“Ie ( 
2 745° 
a 
q ye \ 
690° 
u “_—. 
' Fig. & Influence of Hydrogen 
on Ac, Transformation of 0.57 Pe 
Cent Carbon Steel 
«<—/Jemperature Difference —> 
Heating and Cooling Curves 
Cent Carbon Steel 
clear that 1 E 500 


1 hydroget 
1 by the {1 E 400 


thermal trans 





; of 
ratures ott 
‘able 4 
ytic iron, 1 
e experiment 
of practica' = ——-Jempersture Difference ————> 
ifluence cou ; ’—-Influence of Hydrogen on Ag, Transformation. Original Material 


Cent Carbon Steel. 
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effect for A, and A transformations, observed by H 
Wood, is due to their method of preparation of the san 
hydrogen must have been absorbed. The discussion 
transformations at a property of pure iron and pur 
alloys is therefore apparently unnecessary. 

A theoretical explanation of the influence of hyd 
transformations in the system iron-carbon cannot yet b 

The fact that through absorption of hydrogen in iron a s 
A,, point can appear, shows that the allotropy of iron depends 
on the degree of purity of the iron. Chemically and physicalh 
iron, as indeed Yensen already considers, will perhaps be fow 
possess no polymorphic modifications. 


SUMMARY 


Harrington and Wood have found two-step transformati 





the iron-carbon system at A, and A,. Their samples, prepared | 
annealing in hydrogen, must have absorbed this gas. In the prese: 
work, carried out with a modified method of thermal analysis, 1 
doubling effect was found only in specimens annealed in hydroge 
After degassing, only a single thermal effect was observed. 
suggested that the double effect, found by Harrington and \\ 


was due to hydrogen contained in their specimens. 
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MECHANICAL HARDNESS, INFLUENCED BY MAGNET- 
iIsM AND MEASURED BY MAGNETOSTRICTIVE 
EFFECTS 


By S. R. WILLIAMS 


Abstract 





This paper deals with the problem of mechanical 
Iness and the methods employed in measuring tt. Al 
resent there is no uniformity in the measurements of 
hardness. Hardness is one thing for one manufacturing 
lant and something else for another. 
In studying the changes in length of ferromagnetic 
Is, when magnetized longitudinally, it was found that 
variations in mechanical hardness varied this magneto- 
strictive effect in a very interesting way. In fact, this 
longitudinal change of length in a magnetic field was 
found to have possibilities in it as a means for measuring 
hardness. An extensive study has been made of this re- 
lation between magnetostriction and mechanical hardness. 
During the study it was discovered that a magnetization 
process itself produces changes in hardness. The first 
effect is to reduce the hardness. 






OWARD the close of the World War the engineering division 
i the National Research Council formed a committee whose 
purpose should be the investigation of the methods in use for meas- 
ring mechanical hardness. Among other duties, the committee was 
asked to report on the possibility of formulating a general definition 

mechanical hardness. As a member of this committee it will 
perhaps be made clear how a physicist became enmeshed in what at 
he time seemed more or less of a metallurgical problem. Funda- 
mentally it is a physical problem for which no apologies need be of- 


red for an interest in it. 





DEFINITIONS OF HARDNESS 











In general, physicists have not recognized hardness as one of 
the essential properties of matter, while the engineers have con- 
sidered it to be of fundamental importance. There seem to be two 
he author S. R. Williams is a member of the society and is professor in 


department of physics, Amherst College, Amherst, Massachusetts. Manu- 
ipt received December 19, 1932. 
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general classes of hardness: 1. surface or superficial s| 
which is referred to as resistance to abrasion, 2. penet 
spoken of as deformation hardness. Both are closely as 
in practice one seldom occurs without the other. 

As a working definition, the committee adopted the 


low; 
‘Hardness is the cohesive resistance of a molecular ager 


ture of a material to any deformation of form.” This is a1 


ate 
acade 
statement which will, in all probability, not satisfy anyone. Tiemay, 
defines hardness as—‘‘The resistance offered by a body to abrasion 
penetration.” This covers the two types of hardness referred 


above. Jeffries and Archer® define this property—‘Hardness ; 


Ls 


sistance to permanent deformations.” ‘Hardness may mean resis 
ance to indentation, as measured by the Brinell test, resilience. 

measured by the Shore scleroscope, scratch hardness, cutting har 
ness, resistance to machining, or some other special kind of hardness 
These definitions indicate that mechanical hardness is closely 


ciated with the elastic properties of matter. The elastic propertie 


in turn, as will be indicated later, are intimately linked with | 
magnetostrictive effects. 


Metuops oF MEASURING HARDNESS 


As one goes over the various methods employed in measuri 
the property of hardness, one is impressed with the fact that 
do not all mean exactly the same thing when we use the term har 
ness. The scratch method was one of the early methods employ 
for designating the relative hardnesses of materials. Moh classified a 
set of materials which would scratch the previous substance in 1 
list. The hardest one in the list being diamond. 


Moun’s List 
Tale 
Crystallized Gypsum (Rock Salt) 
Calcspar (Calcite) 
Fluorspar 
Apatite 
Felspar 
Quartz 
Topaz 
Sapphire (Corundum ) 
Diamond 


i — 


wn & WwW 


~ 
~\ 


owuoONnN 


‘Hugh P. Tiemann, Iron and Steel, 1919, McGraw-Hill Book Company, Nev 
p. 198. 


*Zay Jeffries and R. S. Archer, “The Science of Metals,’ 1924, McG 
Company, New York City, p. 403. 
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skin hard: ry scale of hardness comes more nearly than any other in 
tration. ofte S resenting to the lay mind the general meaning of the term. 
associated a faking up hardness tests as now employed, the leading methods 


tic indentation methods. ‘This consists of forcing into the 


he follow;: aterial a hardened steel ball, or special diamond point, under a 
eregate bis » sandard load. Either from the size or the depth of the indentation, 
IS an acaden F . measure of the hardness number is obtained. In the Moh scale the 
ne. Tieman : umbers, | to 10 are only relative. They have no absolute value. 
to abrasion o : [he dynamic indentation, or driving-in-method, is measured by 
ss referred + s . scleroscope. This consists of a small diamond pointed hammer 
ardness js 1 S jalling freely ina graduated glass tube from a constant height. The 
y mean resist. height of rebound is said to measure the hardness of the surface from 
resilience. as vhich the hammer bounced. Then there are impact tests, tests of re- 
cutting har  <jstance to wear, endurance tests, ductility tests and many others, 
of hardness each one of which measures some specific property that is intimately ; 
> closely ass related to hardness and so we call it measuring the hardness of the 
stic properties ; material. 


iked with 1! Forces INVOLVED IN HARDNESS 

In each type of hardness testing, we are wholly or partially rup- 
turing the bonds between the atoms. In the scratch method some 
( the atoms are completely torn away from the main body. In the 
In measuring penetration method the atoms are permanently pushed aside from 
tact that \ S their normal space lattice. In the dynamic methods the distances 


he term hard: etween atoms are disturbed, thereby developing a certain strain 


10ds_ employ © which manifests itself in the reaction that helps produce the rebound 
oh classified @ of the hammer or the ball. This is not a permanent deformation. In 
bstance in th » all cases, however, we are dealing with interatomic forces. The closer 


firmer the atoms stick together, the harder in general the ma- 
rial is said to be. The cohesive forces of materials are involved 


hardness tests. 


RELATIONS BETWEEN MAGNETISM AND HARDNESS 

(he author’s assignment in the problem of hardness testing was 
ind relationships between magnetism and hardness as defined 
hove. Certain relationships had been known, but no extensive knowl- 

elge was to be found on the subject. It was recognized, for instance, 

naa Na ® ‘hat certain degrees of hardness were more favorable for permanent 
| Magnets, and, therefore, remanence and coercive force were in some 

McGraw-Hill ! » Way related to the hardness. The Frohlich-Kennelly equation gives 
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us one empirical relation: This equation 1s an expré 
function which reluctivity, (the reciprocal of permeabilit ; 


magnetizing force applied. Its form is: 











p a--+oH 





where p is the reluctivity, a the coefficient of magn 


and 1/o is the saturation induction of the material.* 









Having been interested in the subject of magnetostri 
1907 it was natural that in looking for relations betwee: 
and hardness, that the writer should turn to some possible cor 
between the various magnetostrictive effects and mechanical 
ness. Inasmuch as there are three types of magnetostrictive 
involving the three moduli of elasticity, it will at once be see 
there were some grounds for making comparisons between mag 


strictive effects and mechanical hardness. 








DESCRIPTION OF MAGNETOSTRICTIVE EFFECTS 












In the Joule magnetostrictive effect there is a change in le 
due to a longitudinal magnetic field. A magnetic field will thus p 
manently set up strains in ferromagnetic substances. It is appar 
that in general this will be influenced by just the factors which afi 


hardness, viz., the cohesive forces. Young’s modulus is affect 






















a longitudinal magnetic field. 

In the Wiedemann magnetostrictive effect a twist of a fer 
magnetic rod occurs, if a longitudinal and circular magneti 
are simultaneously imposed. Such a combination of fields influe 
the coefficient of rigidity. In the twisting of a steel rod due t 
combination of a circular and a longitudinal field, interatomic fo! 
are brought into play and must bear some relation to mechani 
hardness. 

In the Barrett effect a magnetic field changes the volume 
ferromagnetic substance. The bulk modulus is thereby influen 
Once more we may surmise that magnetostriction and mechat 
hardness are closely allied. So far as this study is concerned, | 
one magnetostrictive effect will be considered, viz., the Joule mag 
netostrictive effect which will hereafter be referred to as the | 
effect. The Wiedemann effect is a special case of the Joule effec 
because the resultant field of a longitudinal and circular field 1s 
helix. A change in length along this helix means a twist of the 


Material,”’ 





8Spooner, ‘“‘Properties and Testing of 





1927, p. 362 


Magnetic 
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lustrates this. Furthermore, the change in volume due to a 


field follows from a change in length longitudinally which 
ompletely compensated by the change in length which occurs 


t angles to the direction of the field. 


\ppLICATION OF THE JOULE Errect TO HARDNEss TESTING 


In studying the Joule effect a ferromagnetic rod is placed sym- 
etrically within a solenoid as shown in Fig. 2. As the magnetic 


il in the solenoid is increased from zero field, say, up to 1500 





Fig. 1——In the Wiedemann 
Effect the Resultant Field 
Has the Direction of a Helix. 


gausses, the rod will change its length. The way in which various 


lerromagnetic rods will change their lengths is shown in Fig. 3. 
mphasis is laid upon ferromagnetic bodies in this study, because 
only ferromagnetic materials were employed. Wapitza* working with 
elds of great intensity finds that non-ferromagnetic bodies also 
change their lengths. If these relations between magnetostriction and 


Hardness are real, then it would appear that the study may be ex- 
tended to all classes of materials. 


ra, Proceedings of the Royal Society, Vol. 131, 1931, p. 225. 
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I°XTENSOMETER FOR MEASURING THE JOULE Er 


lor the measurement of these changes in length an ext 
was devised by James T. Serduke, formerly with the Gene: 
Co. of Schenectady, N. Y. It has proved to be a very sai 


instrument.® Fig. 4 shows the mechanism. It is a train o| 





Fig 2—The Ferromagnetic Rod 
Placed Symmetrically in the Coil C, 
the Magnetizing Force of the Coil is Va 
ried, S Changes its Length Which is Meas 
ured by the Extensometer at the Top of the 
Coil 


ical levers operating an optical lever whereby the changes in leng' 
may be multiplied. A light glass tube extends from the uppe 
free end of the rod in Fig. 2 and attaches to the lower end ot I 
Fig. 4. As the rod changes its length, E moves up or down and t 
lower end of the right angled lever F moving in or out, turns the | 
of wheels and so turns the mirror m. A very finely graduated scr 


fits into the extensometer as shown in Fig. 5. As its lower point 


. ° . . . : ; urhicl 
advances it comes in contact with F directly over the point to wht 


‘Williams, Review of Scientific Instruments, Vol. 3, 1932, p. 675. 
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the 1 I, is attached. L is the lever by which the screw is turned. 
he angle through which the screw is turned is measured by the in 
| moving over the graduated scales. This gives a very accu- 


rate method for calibrating the extensometer. The movement of the 


aaa 
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es in lengt 0 200 400 600 800 1000 1200 100 
1e upper 0! . Field Strength, Gausses 
nd of ku : Fig. 3—Changes in Length of Various Ferromagnetic Rods 

: When Magnetized Longitudinally. Alloys of Iron and Cobalt. 
wn and t 
‘ns the trai 


beam ot light reflected by the mirror may be observed by a telescope 
‘ d sere a : : : , a 
ae and scale or it may be allowed to fall on a recording film camera 


‘er point like th: nop ' 
ica oa 7 uke that shown in Fig. 7. An incandescent lamp with a straight 
to whl : flama: . : e ° rraqe ° ° ° 
en s ‘lament 1s used as a source of light. This is placed in a vertical 


T City 
DOSITI¢ 


n and the image of the filament reflected from the mirror m 
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Fig. 4--An Extensometer Used in Measuring the Changes 
netic Rods When Magnetized Longitudinally 


falls on the horizontal slit (s, Fig. 6) of the camera. The slit 1 
places the lens in an ordinary camera. The image of the vertica 
filament being at right angles to the slit, the movement of the imag 
in a horizontal plane throws a fine pencil of light through the slit 
lf the film moves in a direction normal to the slit, a trace is forme 
on the film like that in Fig. 7, which is the change in length for soft 
iron. ‘The vertical lines represent the currents, O, 0.1, 0.2, 0.3, 04 
0.5, 1.0, 1.5, 2.0, 3.0 and 5.75 amperes for the right hand record 
While the left hand record omits 0.1, 0.2, 0.3 and 0.4 amperes | 


spectively, flowing through the solenoid. Knowing the constant 
e Ss > > 


the solenoid (128.5 gausses per ampere), the film records the cd 


lections for various magnetic fields as the current is increased tron 


zero. These values may then be plotted in a curve as shown in Fig. 3 
Ways IN Wuicu THE HARDNESS OF FERROMAGNETIC Rops 
MAY BE VARIED 


With the above procedure of study in mind, attention is nex! 


turned to a study of the various methods for producing ditterent 
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Fig. 5—The Screw Used in Calibrating the Extensomete1 


rds the cle 


reased fron Ss - : rr ° 
degrees of hardness. There is hardness due to heat treatment, hard 





mn in Fig. 3 | ; 
less due to cold working, hardness due to aging, and hardness se- 


- Bop cured by varying the chemical composition. In this particular study 
oa this last variation in hardness was obtained in a series of steel rods 
by varying the carbon content, other elements being approximately the 
tion is next ; same and they all had the same heat treatment. 


ng different 


TRANSACTIONS OF THE A. S. S. T. 


Fig. 6—Film Camera Used in Recording the Changes in Length of Ferromagnet 
Rods. The Film is Moved Past the Slit and by a Reducing Gear Driven by a Sma 
Electric Motor. 


HARDNESS VARIED BY TEMPERING 


The first study was made on a group of five rods whose hard 
ness was varied by drawing at different temperatures. Table I gives 
considerable information regarding their chemical and _ physical 
characteristics. 

The changes in length which these rods underwent as the mag 


netizing force was increased from zero up to 1000 gausses is show! 
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Table I 
Chemical Analysis, Heat Treatment and Hardness 


Carbon Manganese Phosphorus Sulphur Silicon 
1.34 0.37 0.010 0.018 0.123 
1.27 0.27 
1.23 0.32 
1.35 0.35 
1.27 0.37 


Heat Treatment 
Tempering Temperature Lime 
Not tempered (Used as Quenched) 


705 degrees Cent. 1301 degrees Fah1 15 mins 
$27 degrees Cent 800 degrees Faht 15 mins 
565 degrees Cent. 1049 degrees Fahr. 15 mins 
705 degrees Cent. 1301 degrees Fahr > hrs 


imens were oil quenched at 788 degrees Cent. (1450 degrees Fahr.) 
lempering—All specimens were air-cooled 


Scleroscope Hardness (Average of Ten Readings) 


| \ Scleroscope Numbers 
a | ee Ps 
ie... 70.7 Common Diameter 0.555 em 


34.6 Common Length 4.5 cm 
{ 51.9 
42.8 
6 30.8 


lig, & Rod 6 is not included because it was reheated two hours 


nd not for just fifteen minutes as 3, 4 and 5 were. It will be seen 


rom "ig. 8 that the softer the rod the greater is the positive elonga- 


ty 
() 


n of the rod. This is shown to better advantage in Fig. 9 where 





Ferromagnet 
en by a Sma 





























Fig. 7—A Continuous Record of the Change in Length 
of Armco Iron as the Magnetizing Force is Increased 
From Zero. Film Moves From Left to Right. 





whose hard 

Table I gives the maximum elongation is plotted against scleroscope hardness. In 
and physica F lig. 9, rod 6 is included. From this curve it appears that rod 6 
yould lie on a curve below that for rods 1, 3, 4 and 5. This is con- 
as the mag s firmed by Rawdon and Kpstein®. Wherein they showed that increase 


sses 15S shi WI 





and Epstein, Scientific Papers, Bureau of Standards, Fig. 18, p. 406 
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Fig. 8—Change in Length of Steel Rods, Whose Hardness Was 
Drawing Temperatures. 











50 60 
Scleroscope Hardness 


Fig. 9—-Maximum Elongations in Fig. 8 Plotted Against Scler 
Hardness 



















VWEASURING MECHANICAL HARDNESS 


“J 
in 
w 








Tahep Geausses 


Fig. 10—These Curves Show How Rod 5 Progressed in Getting 
iF gata Softer From the First to the 18th Time it was Remagnetized. 








Jime in Hours 


Mig. 11—Steel (0.76 C, 0.59 Mn, 0.15 Si) Quenched From 780 Degrees 


4 
| 
—— | Vem \ged 14 Turn in Magnetic Field, Cold, Repeated Four Times. 


the time of tempering decreased the hardness. A set of rods given 
ee F | ze -: ; : ; ‘< ; : 7 
iy » the same drawing temperatures as 1, 3, 4 and 5, but reheated for two 
urs would presumably lie on a curve shown by the dotted line in 
a 
Sclet 


What seems to be a very remarkable effect was found in rod 
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5. For the first series of observations on this rod it did 
initial lengthening, but with each succeeding run of observa 
initial lengthening increased until it became stabilized at 
shown in Fig. 8. Fig. 10 shows how this initial lengthet 
to be pumped up by the reversals of the magnetic field. 


state appeared to be reached after the rod had been put thr 


40 80 
Geusses 


Fig. 12—-Rod 5 is Softened by the First Reversal of Magnetization 


cycles of first a magnetization, then a demagnetization by an A 


in the solenoid and then remagnetization in the opposite directior 


tach series of observations followed one after the other as rapidl 
as they could be taken. According to the curves in Figs. 8 and ‘ 
the maximum elongation was for the softest steel rod. An interpr 
tation of the results shown in Fig. 10 would be that, as the reversals 
of the magnetic field piled up on rod 5, a softening process was 
going on in the rod. These observations were first made in 
and attention was called to the facts observed at that time,’ but othe 
lines of investigation led away from this point. Recently, however, tt 
has taken on new significance from the work first published by Her 
bert® in 1929 in which he shows that the process of magnetization : 
"Williams, Transactions, American Society for Steel Treating, Vol. 5, April 


“Herbert, Iron and Steel Institute, No. 2, 1929, p. 239. 
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Max. Positive Elongation, 10°C. 
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— 
400 600 800 1000 1200 
Field Strength, Geausses 
13—Change in Length of Steel Rods With Different Carbon Contents. 
reversal does change the hardness of steel and in a way which con- 
firms the work of 1922. Fig. 11 shows a curve taken from Herbert's 
tization ticle. Each time he reverses the magnetism of the specimen, a 
softening occurs which is then followed by an aging process in which 
1 by an A. | 


inc dies ifter the lapse of some hours the metal becomes harder. 
site directiot In 1922 it was not observed that the rod 5 became harder by an 
her =e iging process after being magnetically treated. Assuming that in ten 
Figs. 8 and’ years the rods had become fairly stable, they were brought out again 


y ] 
If 


i! 
aiiti 


An inter} ” studied. This time the question of hardening by aging was 
s the reversals considered. If the rods have hardened by aging since 1922 then the 
= maximum elongation for the first application of the magnetic field 
made in 1922 should be less than for the second or successive applications of the 
me,’ but othe magnetic field reversed. It must be remembered that the very process 
ly, however, | by which hardness is being studied also affects the hardness. To a 
ished by Her ertain extent this is true of many of the modern methods. In the 
cmuuaue § static penetration method, as the ball sinks in, it changes the hard 


April, 1924 m ess at the point measured. Using rod § again, its changes in length 
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due to a magnetic field was measured without any previ 
zation. The change in length at the point of maximun 
was that shown in (a) Fig. 12. On demagnetizing by 
A. C. current in the solenoid and then observing the chan 
when magnetized in the opposite direction, the values ¢ 
Fig. 12 were obtained. This was repeated with variou 
rods and similar results were obtained. The results were rep, 
for rod 5 after several days had elapsed and again simi 
were obtained. The repetition was a duplication of the curves 
in Fig. 12. Herbert showed in his work that after 3 to 4 hou 
hardening due to aging had been pretty well established. Bot! 
work of 1922 and the work this year seem to fit in precisely wit! 
observations of Herbert.® In the preparation of this paper an ; 
by Matuyama has appeared in which he says he has not been al 
corroborate any of Herbert’s work. Other engineers in this count 
state that using static indentation methods they have not been 
to verify Herbert’s discoveries. In a private letter from Her! 
we learn that investigators in Germany are confirming his work 
leaves the problem in a curious position. It indicates the need | 
extensive studies along every conceivable line, for if there is 
verity to the observations, they appear to be dealing with fundamen 
atomic theories. 


DIFFERENT DEGREES OF HARDNESS WITH VARYING CARBON CON 





While not the next step, historically, in this study it would 
logical to take up a study of six steel rods whose hardness was var 
by having different carbon content. Their heat treatment has | 
identical. In this series of rods there are 60 steel rods, 10 specime! 
to each value of carbon content. The purpose is to give these | 
different heat treatments later when a more complete study is m 
of their magnetic properties as they now stand. 

Although these rods had the same heat treatment, (they we 
hot-rolled and allowed to cool without interruption on the cooling 
beds), the six classes having different carbon contents showed mat! 
differences in their hardness numbers. Table II gives some of 
essential characteristics of these rods. They are lettered A, }, ©. 
E and F respectively. 


®*Herbert, Proceedings of the Royal Society, Vol. 130, 1931, p. 514: Met 
and June, 1931. 
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Table II 
in 
Carbon Manganese Phosphorus Sulphur Rockwell Hardness 
0.11 0.49 0.010 0.039 64.2 
. 3] 0.53 0.012 0.039 77.1 
in 0.49 0.41 0.012 0.033 83.4 
ok. ‘ 0.69 0.48 0.019 0.033 94.5 
si Ve ll 0.91 0.44 0.023 0.027 97.3 
101 rt 1.11 0.42 0.019 0.036 99.9 
we ( 
— : ne — 
These rods were 0.645 centimeters in diameter and 24.5 centi- 
Cl Ss a° ° e 
3 eters in length. Fig. 13 shows how the change in length varies as 
O ) g i ‘ ‘ - __— ° 
1 4 e field is increased from zero up to 1250 gausses. The maximum 
ec. ] : ; ‘ . _ ° . 
. othening progresses with the softening of the steel rods which in 
sely \ o 


per ana 

tt been able t 

n this count: 
not been 

rom Her 
his work 
the need 
there is 


h fundament 


BON CON 


vy it would | 


eSS WasS Val 





80 90 100 
Rockwell Hardness , B-Scale 


nent has bee / Bi 70 


, 10 specime 
ive these rods i Fig. 14—The Maximum Elongations of the Curves in 
ive these I Fig. 13 Plotted Against Hardness Numbers. 


study is m 


in largely follows the carbon content. These relations are shown 


it, (they wei * in (b), Fig. 13 and in Fig. 14. Once more the values of the maxi- 


mn the cooling uum elongations are seen to be a measure of hardness for this second 
howed markt method for changing the hardness. Again the test was made to see 
Ss some Ot t 


(in this latter kind of hardness there was a softening due to reversal 


) - . ° ~e ~ e e e 
od A, B, ©, > ol magnetization. Fig. 15 shows that softening follows a reversal 
the magnetic field. The values shown in the two curves are for 
he rod | ), 





many years the writer has been impressed with the fact 
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Fig. 15—-Rods, With Hardness Varied Different Carbo: 
Content, Also Show Softening by Reversal of Magnetization 





O8USSES 


Fig. 16——-Change in Length of Steel Rods in a Magnetic Field as They 
are Reduced by Cold Working to Smaller and Smaller Sizes 
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~ S 6a jt was impossible to repeat results with the accuracy that was 
7 should be possible with the extensometer used and the care 
temperature control. In large part the annealing process 
in ta 


‘ormitvy of results, for we see here a variation of something like 10 


reversal of magnetization will account for this lack of uni 


ver cert in some cases. Furthermore this occurs for both kinds of 


hardness thus far studied. 
















aol 
| Cotp-WorKED METALS 
| 
‘ | Change in hardness may also be produced by cold working. The 
next set of material which should be tested is a group of rods or 
strips of steel whose hardness has been varied by cold rolling or cold 
4% 
rb 
fg | 
o> | 
S i | 
J | 
SIN H=40 Gausses 
| UY | | 
| 
— 
a 
io. = : < 8 7 6 5 4 3 2 7 
a Diemeter , ¥32 In 
| Fig. 17—The Changes in Length, for the 
Rods of Fig. 16 at a Common Field Strength 
of 40 Gausses, are Here Plotted Against Re 
duction by Cold Working. 
| Ho drawing. Thusfar in this study no such group of steel specimens 
has been studied, but fortunately Rankin'® has studied the Joule 
effect ina series of cold drawn rods. His results appear to fit in with 
the work thusfar described. His wires or rods varied in diameter by 





§ 3) ot an inch, the thickest being 1% inch and the thinnest jy inch 


— » “iameter—the reductions in diameter being achieved by cold drawing 
n the same original material. Fig. 16 shows the changes in length 
ld as They s ior these seven different sized rods which it is assumed were made 


narder and harder as they were reduced in size by cold working. 


Nankin, Journal Royal Technical College. Glasgow, p. 587, Jan. 1932. 
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Here again the maximum values of the positive elong 
measure of the hardness of the rods until for the last two 
to have been a violent change in the structure of the \ 
positive elongation occurs. ‘‘Hardness and strength of 


creases with the amount of reduction by cold work u 


O 


» —— ~ 
Geusses 


Fig. 18—-The Shortening of Nickel Rods in a Magnetic Field 
LD yrees ot Hardness 


failure is produced.”'' One may assume that so far as the magi 
test is concerned the two samples f and g have passed this point 
ig. 17 the change in length for these rods at a field strength ot 
gausses is plotted against reduction in diameter. This ts roug! 
against increasing hardness. 

Work has been done, however, on two series of ferromagnet 
rods whose hardness has been varied by cold rollin These t 


«) 
ig. 


series were of nickel and of monel metal respectively. 


Nickel Strips—Referring to Fig. 3, it will be noted that 
shortens for all field strengths and has no elongation peak as did t! 
here 


steel rods which have just been examined. It was of interest th 
fore, to see how the change in length would vary with the hard 

in metals which did not possess these positive peaks of elongatto! 
At the same time it was of interest to study the Joule effect in met 
hardened by cold rolling. 


“Jeffries and Archer, ‘‘The Science of Metals,” p. 201, 1924 
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strips of nickel were prepared as follows: eleven strips 
tri] | 


) € see tas e, 14 inch thick and about 3 feet long were annealed under 
and 4 she came heat treatment. One strip was left as annealed and the other 
| tal jy ter we then reduced by cold rolling to various percentages of re- 
1 inter cti lhe essential characteristics of these strips are given in 
= e Ill 
| 
| 
Table 111 


Cold-Rolled ‘‘A”’ Nickel Strip 





Scleroscope No 
Strip Ne (Universal Tup or Hammer) Percentage Cold Reduction 
17 ff) 
3 i] l ) 
4 35 28.9 
5 +0 95 
6 43 50.0 
7 45 oY.9 
g 17 69.0 
9 SU 79.0 
10 51 89.1 
A ’ | 11 49 Y 3 
DA 
nie 3 
mal ; Chemical Analysis 
Nickel 98.385 
| Copper 0.16 
lron 0.56 
Sulphur 0.008 
Ete Silicon 0.06 
isestuiaonnmdonsmsecnensd , 
; Carbon 0.09 


Manganese 0.23 


with D 
\fter these strips were received they were cut in two length- 
the magneit vise and trimmed to a width of 3 inch, the thickness being that 
Ms point — viven in Table III. The common length was 24.5 centimeters. ‘The 
rength of 4 cutting and trimming was done slowly in order to avoid heating 
is is rougl — and thus change the mechanical properties. Local strains were re- 
ased by heating the strips for one hour at a temperature of 570 
erromagnet degrees Fahr. in an oil bath. With two samples from each specimen 
These tw Ss oi nickel it was possible to check the results of one with those of 
the other. This gave 22 specimens to be measured. They were 
‘d that nicl s lettered as follows: 
ak as did tl | 
Siete Mey As) Atjecscereseessessietrtetee \s 


the hard 

yt elongatio! respectively in which the subscripts correspond to the strip num- 
fect in metals & lersin Table III. All of the strips showed the shortening for all 
eld strengths which is characteristic of nickel shown in Fig. 3. 


; : si 
lows how two of the rods changed their length. These are 
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32 40 
Scleroscope Hardness 


Fig. 19—Curve A Shows the Way in Which Nickel Rods 
Change Their Length in a Magnetic Field as the Hardness Varies 
Curve B Shows the Changes in Length of Monel Metal Rods 
at a Common Field Strength of 400 or More Gausses, Plotted 


Against Hardness. 





5.5 1172.9 1506 788.2 
Geusses 


Fig. 20—The Nickel Rods Used in Fig. 
18 Show Increase in Resistance as the Mag- 
netizing Force is Increased. 
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=O- - mes of the series. If one choses a common field strength 
the values of the shortening of the various rods at this 
neth it will be seen how they vary with different degrees of 


This is shown in Fig. 19 where scleroscope hardness is 





] « 
16 e4 IZ 40 48 
Scleroscope Hardness 
Fig. 21 A Series of Nickel Rods Shows Changes in 

Resistance at a Common Field Strength of 75.3 Gausses, 
Analagous to the Changes in Length Shown in Fig. 19. 

Rods 

aries 

Rods 

lotted 





100 200 300 400 500 600 


Gausses 
i rig 22—-Monel Metal Changes its Length by Shortening for all Field 
taken as the abscissa and 58.8 gausses as the common field strength. 


‘he outstanding fact to be deduced from this study is that, after the 
reductions of the strips by cold rolling 


g, the machinery in 
s whereby change in length occurs is reduced to a common 


se, unless it turns out in further study that at the tenth reduction 


pha 
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things begin to break up again. It will be seen in Fig 

is some indication of this possibility. Unfortunately th: 

reduction did not go any farther in this series of nickel 
Very closely allied with the magnetostrictive eff 

change in electrical conductivity with change m magneti: 


the direction in which the current tlows. If one n 


l¢ 


7) 


ig ) Monel Metal Increases Its Resistance 
in a Magnetic Field When Annealed, But Decreas« 
it When Cold Worked 


changes in resistance of this same series of nickel strips and plots | 

same against the hardness of the various rods he gets a curve su 

prisingly like the curve shown for changes in length in Fig. |! 

ig 20. Fig. 21 gives the change in resistance per ohm for the sti 

at the common field strength of 75.3 gausses as a function 0! 
‘a 


hardness, Increasing the hardness reduces the change 1n resist 


produced by a longitudinal field. The same machinery seems to 


involved in the change of resistance due to a magnetic fi ha 


Williams and Sanderson, Physical Review, Vol. 37, 1931, p 
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tal in causing the changes in length of the ferromagnetic 


\/etal—Monel metal, an alloy of copper and nickel, loses 


magnetic properties around the boiling point of water. <A 
ld-rolled strips of monel metal were prepared in the same 
was the series of nickel strips. here were 22 of these strips 


essential characteristics are given in ‘Table LV. 


Table IV 
Monel Metal 
Thickness Scleroscope Hardness Per Cent 
\ In Inches Univ. Tup or Hammet Cold Reduction 

0.255 | 0) 

0.094 ou 63.1 
0.090 +1 64.7 
0.079 1; 69.0 
0.070 3 72.6 
0.059 4 76.9 
0.048 4 81.2 
0.039 5 84.7 
0.030 5 SS.5 
0.020 ) 92 

0.010 ; 96.1 


Chemical Composition 


Copper 30.20 
Nickel 66.07 
lron 1.83 
Sulphur 0.033 
Silicon 0.03 
Manganese 1.59 
Carbon 0.23 


lt will be noted that the first reduction is greater than that ac 
mplished in the first seven for the nickel strips. In some ways tt 


unfortunate that so large a step was made in the first reduc 


Che 22 samples were designated as follows 
( ( Debits FA 1 ASSET ONOOE. Cu 
i ak: 65 Gach ok wnt an uuaann ss D, 
ere the subscripts correspond to the sample numbers in ‘Table LY. 
lig. 22 is the resultant curve for C, and D, showing how monel 


; 


tal for that particular degree of hardness changes its length as 
the magnetizing force is increased from zero up to 650 gausses."* 
he curious result obtained on the rest of the rods was that there 
vere no changes in length due to a magnetic field although the ex 
lisometer was arranged to measure a change in length of 1 x 10° 
rs. The entire machinery for changing the length by a 
: Magnet held has been completely broken down by cold working, 


by H. H. Smith. not yet published 
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i.e., by a 63 per cent or more cold reduction. This 
Fig. 19, 

Microscopic examination of the nickel strips showed 
is a crushing of the crystalline structure and a reduction o 
size. In all probability a preferred orientation is given t 
ture. 

The change in resistance due to a longitudinal ma 


was also studied. Fig. 23 shows the average change in 


JE 44 
Scleroscope Hardness 


Fig 24—These Curves Show the 
Changes in Resistance of Monel Metal 
for Various Degrees of Hardness at 
Common Field Strengths 


per ohm for the strips C, and D, as the field was increased 
zero up to about 400 gausses. It follows quite closely the chang 
in length for corresponding fields. 

Whereas there was an increase in resistance for C, and D 
there was a decrease in resistance for all the other strips. 


fortunately, the Kelvin double bridge, used in measuring the changes 


in resistance, although the resistance could be measured to one pat" 
in a million, was just able to detect this change. The results @ 
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lown }; S eratic, due no doubt to the very reason for which this whole study 
ss made and therefore these results must be taken as merely quali- 

ver ’ tin 
n ot the oy Of the decrease in resistance of the monel metal strips for all 
1 to the ca = them except C, and D,, there can be no doubt. The exact mag 
nitude, however, is limited by the precision of the Kelvin bridge. 
magnetic { raking these values of the changes in resistance for what they are 
a tahiieale vorth they are plotted in the curves shown in Fig. 24. Those rods 


having the same hardness numbers were averaged together. If these 
changes in resistance are now plotted against hardness numbers it 
vill be seen that the resultant curves are not unlike the one shown 

Fig, 21 for the nickel strips. The common field strengths chosen 


r these curves are indicated in Fig. 24. 


SUM MARY 


(he values of the maximum elongations of steel rods in a mag- 
netic field are a measure of their hardness, other factors being kept 
constant. This holds for hardness developed by four different meth- 
ds. Rankin’s investigations indicate that even this fails to register 
hardness beyond a certain degree of percentage reduction. This 
oint is confirmed by the cold working of nickel and monel metal. 
\t a certain percentage reduction a sudden break appears in the 
relation between the changes in length and hardness numbers. See 
Figs. 17, 19 and 21. 

The importance of this correlation between hardness and mag- 
netostrictive effects lies in the hope that such studies will not only 
throw light on that property called hardness, but also give us some 
additional clues regarding the machinery which functions when a 
lerromagnetic rod changes its length in a magnetic field. 

Grain size is a very important factor in changing the hardness 

materials. There can be little doubt but that grain size has a 
= great deal to do with the magnetostrictive effects also." 
peeen = | Chis investigation appears to establish the fact observed in 1922- 
ly the chang B 1092 4. oi ee ae - ae aod 
» '%23 that the hardness of a ferromagnetic body is reduced by re- 


he aie 2) versing the direction of the magnetizing force applied to it. 
: : Uy The foregoing study has only touched the fringe of this prob- 
a oe lem. Studies should be made of grain size, Young’s modulus, effects 
. the « me { greater reduction in cold working and scores of other points in 
> ) » Va 

cd to one —- , 


; cults al . hams, Sctence, Vol. 66, 1927, p. 358; Vol. 65, 1927, p. 306. Sucksmith and 
he re ult a rotter, re, Vol. 118, 1926, p. 730. 
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which correlations might be made with hardness. This 
clear how important cooperative research is in such a | 
for the most part in all research. For this particular 

eroup of chemists, physicists, metallurgists and those cor 
handle X-ray analyses could make a wonderful beginni 
important question. 


In conclusion the author takes great pleasure in acknowl] 


Wied 


his indebtedness for materials to Dr. H. L. Whittemore 


QO] 
i 


Bureau of Standards, to C. F. W. Rys of the Carnegie Steel ( 
pany, to Dr. P. D. Merica of the International Nickel Company a 


to Dr. W. E. Ruder of the General Electric Company. 


































\LLOY TOOL STEELS AND THE DEVELOPMENT 
OF HIGH SPEED STEEL 





By ArtTHUR S. TOWNSEND 





Abstract 





li Is paper gives the history of alloy tool steels fro 
1933 and traces the development of the various 
high speed steel. Much has been written on this 

t but many statements mm the literature are inaccurat 

nisleading. An effort is here made to establish thi 

in regard to certain disputed points. Howe, Brust 
nd many other workers in this field are given credit 
portant contributions. The parts played by F. IW 
ry and Maunsel White are discussed and an attempt 
to determine precisely what they imvented. 


qe TALLURGICAL literature contains innumerable references 

M to the development of high speed tool steels, and to the fact 

hese steels were the successors of the so-called self-hardening 

he complete and true story of this development, however, 

ver yet been published, and even today considerable confusion 

ith regard to the differences between the various types of 

ing and high speed tool steels. Although this confusion 

years was due largely to inadequate knowledge, it was 1n 

sed in later years by certain attempts which were made to be- 

actual development. Some have tried to summarize the 

riefly, and have made or have repeated inaccurate state- 

ts: a few have distorted the facts in order to prove a point they 

shed to make. The result is that certain errors have persisted, and 

bably still persist. In this paper an effort is made to present all 

as fairly and as impartially as is possible under the ex 
umstances., 

ters who deal with the history of high speed steel usually 

th “R. Mushet’s Special Tool Steel,” and state that this was 

the self-hardening tool steels. This fact is well estab 

e steel was invented by Robert Mushet of England about 


tor twenty-five years or more it was practically the only 









thor, Arthur S. Townsend, is a member of the society and is 
tallurgist, Cleveland Twist Drill Co., Cleveland. Manuscript re 
, 1933. 
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tool steel in use other than unalloyed carbon steel. Its 
may have varied to some extent during the years up to 
type composition was roughly 2 per cent carbon, 2.5 p 
ganese, and 7 per cent tungsten. Although it often cor 
0.50 per cent chromium, and approximately 1.10 per 
these elements were of secondary importance, and the st 
erly classed as a manganese-tungsten steel. ‘Table I (pas 
a number of analyses of this steel from seventeen diffe 

This steel possessed remarkable properties, some of 
able and some of them just the opposite. These peculiai 
as we now know, were due to the combination of the ma 
tungsten, together with the high carbon. True Mushet 
riably had a high manganese content. As a consequence thi 
tinctly different from other types which had a low mang 
tent, and which were developed later. This distinction bet 
is important to any one who 1s tracing the history of this 
ment, in fact it 1s essential to a clear understanding of sor 
events. It was important also to the users of tool steels 1 
1895 to 1900 and later, because of its relation to propet 
ment, but many of them did not realize this. At that tir 
knowledge regarding the various tool steels then comit 
was exceedingly limited and incomplete, and even the steel 
of that day probably did not understand the real points ot 
and points of similarity between the various types. 

Fred W. Taylor, in his voluminous report of 1906, sl 
he was aware of the difference between the chromium-tu 
manganese-tungsten types, (1)* but it is probable that ever 


1 


did not at the first fully appreciate how different in type th 


steel and some of its American competitors were. His ext 


thorough investigations finally brought to light the essenti 
ferences in chemical composition, as well as many other in 
points of these steels. 

Obviously, a chief reason for the confusion at the beginnt 
the inadequate metallurgical knowledge of the period. In 18! 
of the alloy steels were either unknown, or were new 
Steel laboratories then were not very common, analyses 
were usually kept as carefully guarded secrets, and a 


metallography was practically nonexistent. It is not at 


' 
rals appearing in parentheses pertain 





4 





erfectly 


sSively 


nesten 


ld produce a second air-hardening steel. 


ncounter ci yMpetition. 


\lushet,” but it was soon discovered, at least by 


cle cide dly superior to the Mushet steel. 
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all air-hardening steels were frequently grouped together, 
yard to the real distinctions existing between the various 


7 
reels, 


rences to such steels were rare in the technical journals up 


nd a contribution from the pen of John W. Langley of 
which appeared in that year is therefore of special inter 
It is likely that the function of the alloying elements was 


understood, so that Langley must be ranked as 


of a pioneer in this particular held. He was one of the 


the first. to call attention to the fact that the addition of 


lone does not make steel “‘self-hardening.”’ It must also 


ly high in manganese and carbon.” His paper was 


because it provoked discussion as to the cause of air-hard- 


it may have stimulated other metallurgists to further in- 


ns. It is interesting that Langley made brief mention of 


steels as useful alloy steels, but did not mention chro 


steels. He was apparently unaware that chromium 


used in place of manganese, and in combination with tung 


This discovery was 
aled only a short time later. 


we look back we can now see that in the years 1894-1898, 


1 


el, up to that time supreme in its field, was at last begin 
It may be true that the new varieties 


rdening steel were at first only imitations of Mushet, and 


purpose of the American makers was to make a steel ‘‘as 


the most 


ve ot the makers, that some of the new steels were in some 


The high manganese 
certain inherent faults which prevented their more ex- 


ise. It was practically impossible to anneal them or to ma 


and it was necessary to use great care in forging them 
of their red-shortness. The early chromium-tungsten 
ved promise of overcoming these defects to some extent, 
status as mere substitutes for Mushet steel gradually 
or the better. It is uncertain as to just how highly the 
ls were regarded; the best composition had not yet been 
all sorts of compositions and qualities were on the 
ing this period, and no doubt some heats were much better 
\mong the more prominent American makers in this 


ield were Crescent, Midvale and Sanderson. 
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For the sake of simplicity it is convenient to say 


hardening tool steels of 1898 were of three distinct 


ganese-tungsten, chromium-tungsten and chromium-1 
Actually there were many variations in the types and a 
tions of the types. Judging from the existing records 
position of the tool steels of this period, (and we ar 
indebted to ‘Taylor for these) the early aim of the Ame: 
facturers, up to 1893, was to make a good manganese-tu 
Manganese varied from 1.80 to 2.70 per cent, tungsten 
6 to 8 per cent but occasionally as high as 11 per cent, 
1.10 to 2.20 per cent. Although definite evidence on tl 
lacking, it is probable that the American manufacturers ; 
were beginning experiments with the air-hardening steels 
making more or less systematic attempts to modify 
them. One modification, for instance, was the increase in chi 
content from about 0.40 to 1.25 per cent or more. As used i1 
of the mills, this chromium at first was an addition to the mai 
tungsten steel. It was apparently not conceived of as a substitut 
element for the manganese, but was a further addition to a Mu 
type steel. Eventually the chromium was increased to three 
per cent and the manganese was reduced to amounts no larger tl 
are found in carbon tool steel, and this proved to be a very 
forward step. Some manufacturers, however, were slow in 1 
this change, and it seems quite probable that their reluctance 
so was because of their adherence to the theory that high 1 
was an essential for a self-hardening steel. 

When chromium began to be introduced as a useful constitu 
of tool steel, the high manganese content was retained by) 
makers, and the chromium was used as an additional element, s 


17 


the steels became carbon-manganese-chromium-tungsten alloys 


11 


analysis of two such steels as recorded by Taylor is as follo 


Tool No : Mn ; W 


Sanderson 79 8 2.43 11.59 
~ = ,* —*4 


Jonas and Colve: 73 2.80 ZS 10.72 


Tool No. 73 was said to be “very hard to forge and brittl 
body” (14). Such steels as these, however, had a comparal 
short trial. The type that finally won out and displaced all 
proved to be the chromium-tungsten type with low manganest 
0.35 per cent manganese). In other words, chromium rep! 
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the element that combined with tungsten and carbon to 
ardening properties. 
of course the brilliant work of Taylor and White that 
uit the supremacy of the chromium-tungsten type. They 
| the high heat treatment and showed the great possibilities 
romium-tungsten type steel when treated by this process. 
their work, the adoption of the chromium-tungsten and the 
x of the manganese-tungsten type, would not have come 
We can guess, however, that it would have come eventually, 
probably much more slowly, but the trend was in_ that 
lirection. 
this point we come to the question of the real origin of 
-tungsten steels. Who was responsible for their invention 
adoption as tool steels? Since this subject is so closely 
en with the history of the simple chromium steels, it is ad 
us to recall briefly certain facts with regard to these early 
steels. Julius Baur of New York is credited with being the 
to make chromium steels commercially. He took out patents 
manufacturing such steel in 1865. The early chromium steels 
rule contained less than 1 per cent chromium. ‘They were used 
istruction steels primarily, and not as tool steels. From their 
rliesi use up to about 1890, it appears that these steels were re- 
ived with considerable skepticism by the metallurgical world. 
1873 it was widely advertised by the manufacturers of the 
that the great new bridge at St. Louis, Mo., was constructed 
mium steel. A little later it was shown that steel samples 
from this bridge contained only small percentages of chro 
ss than half of one per cent, and indeed some samples con- 
chromium at all. For a period of a few years chromium 
into disrepute. The great metallurgist Henry M. Howe 
the status of chromium steel in 1887, refers to the fact 
users had been greatly disappointed with it (3). He 
by stating that he is confident it is entitled to a far better 
than it had acquired. 
ng this same decade, 1880-1890, considerable experimenta- 
chromium steels was being carried on in France. Henri 
of the Holtzer Steel Works, was the metallurgist in charge 
xperiments. The chief interest of the French steel com- 


‘chromium steels was probably with regard to their possi- 


metal-piercing projectiles. In 1886 Brustlein published 
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an Iron and Steel Institute paper entitled “On Chrome P 


Steel” (4). This gives data on the manufacture and 





chromium steel, but there 1s almost no reference to the 
steel for tools. 








Che work of the French manufacturers of chromiiuy 
mentioned by H. M. Howe in his book on “The Me 








Steel,” which appeared in 1890 (5). Howe refers to th 





est in the chromium steels as evidenced by the exhibits at 





one table he gives data on the “Physical Properties of ( 





and ‘Tungsto-Chrome Steel—Holtzer and others” (5) 








tunately the composition of these ‘“Tungsto-Chrome’’ ste 








stated. They were probably not highly alloyed, as we hay 





dence that large percentages of chromium and tungsten 





used in combination at this time. In regard to the use of ¢| 








steel as a tool steel, a single reference appears. ‘‘Holtzer als 





chromium steel which he claims will drill through Mushet's 








steel” (5). Although the evidence here is very fragment 





can clearly distinguish the trend of events in this metallurgical 





lor a special tool steel, manganese-tungsten steel was in us 








not at all uncommon. Plain tungsten steels were also b 











and were used for various purposes. Simultaneously the chr 





steels began to come into favor chiefly in the field of projectiles 





armor plate; then finally came “the crossing of the alloys” as 








calls it (6), to make the quaternary alloy steel, chromium-tu 





Great credit is due the French metallurgists, especially Bi 











lein, for their work in this field. We must also give especial recos 





tion to the work of H. M. Howe, who by his comments, discuss! 





and suggestions without doubt contributed greatly to the advan 





which were made. As an instance of the influence of Howe, 








tion iS called to a paper by I. Lynwood (sarrison on “New \]] 





and Their Engineering Applications,” which appeared in the Jou 








of the Franklin Institute in 1891 (7). This paper, incidental 








abstracted at length in the Journal of the Iron and Steel Institut 





so received notice in England and probably on the continent. G 





son quoted at length from the writings of Howe. 





We know that Howe’s book was circulated to some ext 








england because Hadfield commented on it in 1892 (8), and 





the author for his valuable résumé of facts on chromium stee! 





eral pages of the book are of especial interest to us. Table 3- 





page 76, for instance, gives a list of chromium steels, showing 











ILLOY TOOL STEELS 


nposition of a number of samples from various sources. 
No. 9 and 12, contained both chromium and tungsten. 


which were furnished by Hunt and Clapp, are as 


Carbon Manganes Silicon Chromium lungsten 
1.89 0.03 0.38 ().O8 


Q.15 0.15 ().29 0.73 


samples were “Brooklyn Steels,” evidently having been 


Brooklyn Chrome Steel Works. No. 12 with its low 


is one of the earliest steels of the true chromium-tungsten 
Ns 


hich we have any published record. 


book, or parts of it, were published serially in the “En 


Mining Journal,” prior to the publication in book 


32”’ was 


and 


he list of chromium steels designated as ‘Table 


li LSS, (Y), 


her early reference to chromium-tungsten steels 1s found 


B. F. Hart and J. Calisch of the Stevens Institute of 


) 


Del of 
y published in 1889. This paper is entitled “Chrome 


nd gives a description of the method of manufacturing this 
i¢ Brooklyn Chrome Steel Works (10). An abstract ot 
which appeared in 1889 in the Journal of the Iron and 
tute of Great Britian, included a table giving the composi 


o “Magnet Steels.” The analy ses as recorded are as fol 


Carbon Chromium lunesten Manganese 
0.957 0.494 0.018 0.017 
0.965 ().597 0.76] 0.017 


the percentages of chromium and tungsten here are com 
low, it is nevertheless of considerable interest to find such 
record of genuine chromium-tungsten steels. 

we see that at least a few chromium-tungsten steels had 

in the United States prior to 1890, but no doubt the de 

in this direction was extremely limited. It is difficult to 
vidence that such steels were being made for use as tool 
a matter of fact the chromium-tungsten tool steels made 
lvale Steel Co., in the years 1894 to 1898, were not the 
of any early American alloy steels, but were copies of im 
trom France. It was Brustlein who first made the chro 


sten steels which were used as lathe tools and which “gave 
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the blue chips when cutting.” This chapter in our st 
but a few years ago in the Revue de Metallurgie (11), 
an outline of that history will here be reported. 

In 1891 Brustlein’s company, The Holtzer Steel 
closely allied in a business way with the Midvale Steel an 
Co. In January 1893 Brustlein sent to the Midvale Co 


teels of the following analyses: 



















Chronuum Puns 
(1) 1.49 0.34 3a ci 
0.64 > 40) () 


Carbon Manganese 








hese we see are the true chromium-tungsten type. Tl 
evidently proved to be quite successful as tool steels, for 


mediately after this the Midvale Co. began to manufact 











steels of the same type. They were found to be superi 


> 


plain carbon and to chromium tool steels (12, 13). 

\mong the steels which F. W. Taylor used in his 
cutting tests of 1894 were some of these Midvale chromium tut 
steels. “Tool No. 70 for example is a “Midvale steel” of th 


Ing analysis: 








lunesten Manganese Sali 
L143 1.830 1.723 0.18 0.24 


Carbon Chromium 














lavlor also tested several other brands of ‘“‘self-hardenine 













which were then on the market, and in his 1906 report hi 
names and compositions of the five brands which proved to |) 
best in 1898 (14). Only two of these five were strictly the cl 
muium-tungsten type with low manganese. One was the “Midval 
the second was “Sanderson.” A steel designated as No. 72, “S 
derson” and analyzed in 1894, according to Taylor, had the | 


ing analysis: 








( arbon 


Chromium lunesten Manganese 


1.400 2.410 4.537 0.324 0.2] 


















Seven steels of tour different brands, including Sande 








listed as having been analyzed in 1893 (14). All of these wer 
high manganese (Mushet) type, with manganese at least 1.80 
cent. Two of them had 1.35 per cent chromium in addition t 
high manganese. Judging from the available data, we m 


that the Midvale and Sanderson companies were the only on 


er? 


894 had taken the important step of abandoning high 
altogether and substituting high chromium for it. It 
\Midvale Co., the first chromium-tunegsten steels were ob 


m Brustlein, as has already been shown. At the Sander 


steels of the same type seem to have been developed 
ently. It has been impossible to secure any direct informa 


point. In any event, steels of the true chromium-tung 


were available to Vaylor in 1894, although at that time no 
ed their great potential value. 

steel makers themselves apparently did not consider these 
eels exceptionally fine products and very greatly superior to 
existing. If they had, their own development work dur 


CX 


four years would have been conducted more vigorously 
ibly much differently. 

eading companies, it 1s true, were making some advances 
898 were no doubt making comparisons of types and work 
| a greatly improved steel. We know 
this time was marketing one of 
steels, and we can 


that the Midvale 
the best of the air 

also trace certain 
the Sanderson Works. Dr. KE. L. 


1 
cil 


progress that was 
Irench, one of the ablest 
icible steel makers of the time, was very active in this field 

leader in bringing out newer and better steels, both chro 


lvbdenum and chromium-tungsten types. We have no 


it any change was made in the heat treatment of any of 
s except by Taylor and White. 


iteresting side-light on the question of the origin of the 
tungsten steels 1s found in, the comments and claims made 


and German metallurgists in the years subsequent to 1900 
Caylor-White demonstration at Paris. Statements were 
that chromium-tungsten steels had been manufactured and 
th 


In Kngland and in Germany as early as 1894. 


In 1903 
Hadheld called attention to the early 


work of T. Blair 


described some promising chromium-tungsten tool steels 
ld in 1894 (15). 


t 


In the discussion which followed Had 


Joseph Bedford gave additional information with re 
ese steels, but unfortunately did not state their chemical 


nN (16).* We know 


per, 


now that Blair indeed must have 


close to the discovery of the usefulness of the chromium 


Patent No 935,659, applied for in 1894, Bedford specified 1.50 
mium, 0.5-1.5 manganese, and 3.0-3 


tungsten 
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tungsten steels. As evidence of this we have his brief d 
an earlier paper by Hadheld, (8) “Alloys of lron and | 
where he states his opinion that an excellent self-hardeni 
could be produced by using both tungsten and chron 
Blair, however, failed to develop his ideas to the point of 
the remarkable properties of such steels with high heat tr 
In 1901, F. Heissig, who was a representative of B 
& Co., a leading German firm, stated that at about the 
Taylor-White discovery they too had been experimenti 
same direction (18). Another German writer, C. Caspa 
ported in 1901 that he had made an excellent tool steel in 1& 
“differed altogether from Mushet Steel, and was much mor 
able’ (19). Although the exact composition ot these ste 
recorded, it is probable that they were chromium-tungsten 
The composition of one of these German steels called 


harter Chrom-stahl” is given by Thallner (34), as follows 


Carbon Manganese Silicon Chromium Tungst 


cee 0.95 0.75 6.3 0.63 
Chis steel was introduced by the Bismarckhutte, prior 
With its high chromium and low tungsten, it differs cor 
trom the Midvale type. 

There is little doubt that such steels existed in 1895 ai 
gradual improvement in tool steels was being carried forward 
several of the world steel centers, but no really sensati 
vances occurred until Taylor and White made their great 
at the Bethlehem Steel Company late in October, 1898. 

Since this very interesting story has been told and retold 1 
times, it will not be repeated here, but a few general comment 
the work of Taylor and White will be made. 

Almost twenty-five years have now passed since the patent 
decision was made, and it is now easier than formerly to 
passionately and to make a fair estimate of their achievement 


have been highly praised as great inventors; their work 


called “epoch-making” and “revolutionary.” On the othe 


they were at one time bitterly attacked, and their knowledg: 
lurgy was ridiculed. They were denied valid patents by 
and by inference, some have supposed that they did not act 


vent anything. Insinuations were made that they succeeded 
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only because they were good advertisers and because their 
sociates were more powerful than competitors; also that 
ed upon the high heat treatment by accident, and that 
lucky discoverers. At present their reputation seems to 
nd they probably need no further defense; at the same 
additional estimate of their work has a certain value, 
when it is a carefully considered judgment. 
raise of Taylor and White has certainly been a little ex 
at times; it is proper to discount to some extent the un 
praise, but even so the final judgment is not greatly altered 
ssible to evade the fact that Taylor and White accomplished 
mstrated what others had missed. ‘Thus they made a 
us contribution. It 1s true they did not invent a new steel. 
hey actually did was to demonstrate the potentialities of the 
tungsten type of tool steel. One writer in a rather recent 
of their work has said, “The one thing that Taylor and White 
liscovered was that a much higher hardening tempera 
required for high speed steel tools than for ordinary carbon 
). This we believe to be an understatement, because an 
very important thing they discovered was that such a high 
treatment was much more beneficial when applied to a 
tungsten steel than when used for a Mushet steel. It is 
thy that in the original patent application the recommended 
treatment is proposed for a chromium-tungsten steel and not 
nganese-tungsten steel. A chief result of their work proved 
abandonment of the old Mushet type steel. Taylor and 
were not the parents of the baby chromium-tungsten steel, 
certainly gave it its big start in life. 
regard to the question of how they came to make this 
overy while other experts in the field missed it, perhaps 
nswer is to be found in the character of Fred W. Taylor. 


White, as a well-trained metallurgist, no doubt contributed 


of ideas, (and this was recognized by Taylor) but as 


ys, Taylor was “the instigator, the driving force’ (21). 
nments are a sufficient testimony to his unusual engineering 
one of his chief hobbies, as everybody knows, was the 
metals. This led him to make an intensive study of tool 
space permitted, many examples could be given to show 
planned experiments, his devotion to the scientific method, 


ice of fallacious reasoning. Although his statements as 
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to the amount of time spent on the metal-cutting invest 
are somewhat exaggerated, it cannot be disputed tha 
months he gave practically all of his time and attentior 
problem. Probably no one will deny his industriousm 
states that he personally hardened hundreds of tools (3 
ing the winter of 1894-5 he spent many days running thi 
In view of all this, the story at one time in circulation 
and White were “lucky” does not bear close inspection. 
spect and one only were they lucky, that the steels select 
for test included a type with great possibilities, and on 
had not been thoroughly tested. 

The precise contribution of Maunsel White is a point 
established. ‘The chronological record shows that Whit 
lor in the tool steel investigation on October 23, 1898, 
was only eight days later that the real discovery was made 
knowledge of steels and heat treatment probably su 
Taylor's preliminary work in a very effective way. Whit 
have understood better than Taylor the relation of the comy 


of the steel to the heat treatment, although this is uncert 


statement by White (38) seems to indicate that he was esp 


interested in the effect of the chromium content on the effici 
the steel after the high heat treatment, and this, as we 
Was a very important point. He also refers to the invention 


low heat treatment.* ‘Taylor’s willingness to share with W1 


the profits of the invention is good evidence that White must 


niade some definite contribution. No doubt he aided great! 


development work in 1899 and 1900, when the systematic 


to find the best composition were being made and the heat treat 


was being perfected. 


In the tool steel world, the period from 1900-1906 has beet 


described as one ot “feverish activity” (39). The unexpecte 


astonishing announcement that Taylor and White had invet 


new process for treating tool steel and were demonst! 


‘ 


phenomenal results with cutting tools was sufficient to start 


renewed experimental work in the mills of the tool steel manu 


turers. It was inevitable that rapid progress should then b 
and it is not surprising that many improvements were soon 
the composition of the steel. In 1900 Taylor and White wer 


LC 
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steel with 1.85 per cent carbon, 3.80 per cent chromium 


per cent tungsten. By 1903 they had changed over to the 


low-carbon, high-tungsten” type with about 0.70 per cent 


| with at least 14 per cent tungsten. By 1906 Taylor had 
still further modifications and was able to recommend an 
vhich came close to being a standard for a good many years. 
are indebted to Dr. J. A. Mathews for some interesting his 
tes on the “evolution” ot the high speed steel during this 
2). “It is probable,” says Dr. Mathews, “that we shall 
ow who took the radical step and made the first low carbon, 
esten high speed steel. . .”. It is true that by 1906 Taylor 
pted this type steel and had proved its superiority to his own 
tion, but it seems evident that he was not its inventor. In 
later admitted that this development was the work of others, 
med that certain statements in the Taylor-White patent 


the very evident line of future investigation.” He further 


“Sug 


out the fact that lowering the carbon made possible the large 
in tungsten and chromium content without interfering with 
veability (23). 


m4 
; } 


he policy of secrecy with regard to compositions prevailed so 
lly during this period that it is hard to determine just where 

ef the lower carbon steels appeared, but we know that by 
“the change had already taken place in America, England and 
») 


(22). Probably the [english were among the first, if 


st, to adopt the improved type. as M. Gledhill of the firm 
trong, Whitworth & Co., made a report in 1904 on exten 
xperiments his firm had made in this connection, and _ stated 
carbon content between 0.40 and 0.90 was found to be best 
lhe exact date of these experiments is not given, but it is 
probable they were made as early as 1901. Another bit of 
nce that the British were quick to make the modification is found 
omewhat boastful statement of J. IT. Nicolson which appeared 
british trade journal in 1901. “The Sheffield) makers,” he 
were able in a few months to produce an article far superior 
made by their rivals’ (25). An anonymous article in 7/e 
tor September 18, 1903, stated that the composition of 
ish steels about 1901 was carbon 1.20 per cent, tungsten 10.5 
and chromium 2.75 per cent with low silicon and man 
ut that the carbon was later reduced to about 0.70 per 


In France, also in 1904, a modified composition was 
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recommended. 





LeChatelier noted (26) that a steel wit 5 
cent carbon, 12 per cent tungsten and 3 per cent chr 
superior to steels of the original Taylor and White 

The net result of all the trials and tests made in the va 
tries was to lead to the general acceptance of the well-l 
speed steel now usually called “the 18-4-1 type.” 

The steel called “best” by Taylor in 1906 contained 
per cent vanadium. In later years the vanadium cont 
creased to approximately 1 per cent. This addition of vai 
without doubt for many years “the only general additio: 
been made to the earlier types which seems to afford uni 
provement in quality” (22). Dr. J. A. Mathews was a 
this field, and although Gledhill, Taylor and others also 
periments with this alloy, it was Mathews who obtained 
patent for improving high speed steel by the addition of 
This was issued on January 3, 1905. 

The Taylor-White discovery was made late in the fall of 18 
From this time up until 1903, the published record of mai 
events is very incomplete. In general the activities of th 
companies were kept secret, and certain details which wi 
to know cannot be ascertained, but we do have reliable inf 
as to some of the principal events. 

At the Bethlehem Steel Co., in 1898, there was no doubt 


that Taylor and White had made a great discovery. It was 














nized as such by officials of the company, patents were apy 
and issued, and later, after some negotiation, the two men sold 


patent rights to the company. Copley is authority for the st 








After considerable further experimental work in 1899, 
was placed in charge of the selling of the rights or licenses to u 
new process. This was in 1900 and the early part of 1901 
“shop rights” were sold to the Link-Belt Engineering Co., and s 
eral other firms with very little delay. The English rights w 

to Vickers’ Sons and Maxim for $100,000. 

Meanwhile, a number of demonstrations of the new cutt 
tools had been made at various places. (See Chronological 
appended.) In these tests made in 1900 the so-called Taylor-\V! 
tools were easily proven superior to other brands of tool stee! 
on the market. As the result of the Franklin Institute C 


Test, made late in 1°91. Taylor and White were awarded th 
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\ledal of the Institute. Charles Day was chairman of the 


which made the investigation. ‘Tests were made at the 


Steel Co., using a number ot brands of air-hardening 


ited in accordance with the manufacturers’ instructions 

neluded were Mushet, Sanderson, Boreas, Raeburn, and 

ha. None of these gave results as good as the tools specially 
faylor and White (27). 

the time of the earliest of these demonstrations the makers 
mpeting steels must have been greatly chagrinned, but as 
they were not defeated. By 1902 several manufacturers 


have tools giving results “‘quite equal to the Taylor 


) 


27). Further developments came rapidly. Newer and 
speed steels appeared so frequently that users of tools had 
in keeping up with the advances made (28). By 1903 
the competing manufacturers had indeed not only equalled, 
| surpassed the original Taylor-White tools. 
followed a great controversy as to how they had done it. 
naturally enough believed that they had ‘“‘stolen’” his and 
invention (29). The tool steel makers, also naturally 
denied this. The probabilities are that they obtained their 
results not only by using high heat treatments such as were 
ended by Taylor and White, but also by modifying the com 
of their steels. The whole situation was therefore comph 
lo a side-line observer who is trying to be impartial, it does 
uite evident that the really important part of the Taylor-White 
Was appropriated and used without compensation to the 
To be sure, certain legal questions were involved such 
her what was discovered was patentable, and whether the 
laims were properly worded, etc. These points had to be, 
lly were, decided in the courts. 
reviewing this development from the metallurgist’s point of 
get a clearer insight into just what happened. In 1898 
chromium-tungsten steels were comparatively new, 1n fact, 
in the development stage. Taylor and White made a study 
steels and compared them with the older Mushet steels but 
led certain errors which others made. It seems to have 
mmon assumption that all self-hardening steels would re 
ilar heat treatment for optimum results. To be specific, 
ing in 1898 was as follows: Mushet steel is better if not 


|; therefore all air-hardening steels are better if not over 
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heated. laylor and White, however, made the observat 

Mushet steels were red-short at the higher heats, while ¢] 
steels were not, and they took advantage of this obsery 

further investigation of this difference in behavior uw! 

to the crucial tests of October 31. They also showed t! 
tools with very coarse shiny fractures were neverthel 

tools. ‘his was also probably at variance with commor 

ideas. ‘Taylor and White were inventors because they 
first to disclose that extremely high heats were beneficia 
muum-tungsten steels. \fter this idea had once been di 
tool steel makers of long experience were in a position t 

and make great advances. 

The English could do this, as we have seen. Similai 
ments also took place in Germany. In this connection the 
the Thallner trip to Bethlehem 1s illuminating. ©. Thall 
German engineer and steel expert associated with the 
hutte’, makers of tool steel. Following the impressive det 
at Paris in 1900, his firm had obtained an option to pure! 
laylor-White process, and Thallner therefore made a vi 
Bethlehem Steel Co. plant to obtain more information 
report was unfavorable and his firm did not purchase th 
Several objections to the steel and the process as used at Bethl 
are listed in his report (30). Wiuithout going into these 
is sufficient to say that they were probably valid objection 
significant statement made by Thallner was that he believ: 
be possible to produce a steel having all the good quality 
Bethlehem steel, and not its bad ones. The incident thus bri 
quite clearly two facts: First, that the new steels were not 
veloped when patented, and second, that the Germans wit! 
laylor-White ideas as a starting point, rightly believed the) 
find it easy to produce a first-class “quick-cutting’”’ steel. 

In order to make our record as complete and impartia 
ble, we now turn to certain unfavorable comments on the 
Taylor and White. A study of Taylor’s own account of tl 
ment together with other existing evidence compels us t 
edge that he and White did not give sufficient credit to othe 


lurgists and steel makers who made important contribu 


facts are these, to state them bluntly: Taylor and Whit 


invent the steels they used in their experiments, but used 


steels made by others. Taylor admitted this in 1906 
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ar at that time, but earlier, that 1s in 1900 and 1901, this 
inderstood by the general public. Many people thought an 
w steel had been invented or “developed.” Camp and 
tate that in 1900 “the information was given out that the 
heen developed by Fred W. Vaylor and Maunsel White, 


ovees of the company, and for some two years or more the 


csnown as Taylor and White steel” (42). Hoyt 


says that 

| after suitable heat treatment, was regarded as a new met 

product” (43). Leven in 1906 ‘Taylor reterred to the 

lavlor-White” steel, and to “the time when modern high 

tools were invented by Mr. White and the writer” (44). At 

e he was usually careful to refer to “tools, as developed by 
not to “steel.” 

It would not be fair to intimate that Taylor and White were 
lly guilty of misrepresentation. The worst that can be said 
they knew that many people had the wrong impression as to 
cise nature of the invention, and they did not take the trouble 

them right; but their position as employees of the Bethlehem 

Co., and their obligations to the company made it impossible 
hem to make any statements except such as might be approved 

the company. The Bethlehem policy was to withhold exact in 
tion as to the chemical composition and heat treatment of the 
nd to sell licenses for the use of the process. In the early 
phs of his 1906 report, Taylor himself mentions the secrecy 

employed for many years and gives his reason for it (the 

of further experiments). He was justifiably proud that 
ncerned had proven their integrity. Interesting evidence re 
the great in May, 1900, is shown by the contract of 


Belt Engineering Co., signed when they purchased their 


hts (45). They agreed to keep the process secret, especially 


ical composition of the tool steel, and not to sell, loan or 


iy any treated tools, or permit any of these treated tools to 
outside of their shop. Such secrecy as this of course pre 
he inventors from giving out any exact information as to 
of the invention. 
1906, however, the conditions had changed so much that 
is no longer necessary. Taylor may therefore be criticised 
justice because he did not then sufficiently acknowledge 
debtedness to other workers. Although he listed the names 


‘Is he used, he did not give as much credit to the Midvale 
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Co., and to the 


TIONS OF 


Sanderson metallurgists as they desery 








rc. ee! Bs 


also inclined to claim a little too much as the inventio) 


and his associates, when actually some of the developme: 


work of others. 


()n the other hand, he 


was far ahead 


his contemporaries in some respects, and he is entitled to 


for publishing such complete data in 1906 at a time wl 


tions of that sort 


were very rare. 


\s everybody know 


was an exceptionally valuable contribution to the adva 


the art. 


There is no disputing that the steel compositions ri 


by Taylor and White in their patent applications of 1899 


were not nearly as good as those proposed only about 


later. The invention was only partially developed when t 


were applied for and great improvements were made by 


has already 


is quite generally know: 


“original Taylor-White steel” was much too high in 


their experiments Taylor and White had used one steel 


per cent carbon and another with 0.86 per cent carbon, 


recommended 


Taylor later pract 


mitted that this was a mistake, and gave an explanatio1 


adoption of the higher carbon (46). 


also claimed, 


before, that they had suggested the possibility of using 


carbon, which of course cannot be denied. 


Incidentally, 


the very low carbon with any considerable amount of 


practical impossibility in the early days as has more than 


pointed out ( 


were not obtainable prior to 1900. 
It has also been asserted that the increase in cutting speed 
possible by the modification of the 


because of the 


low carbon 


Taylor-White composition 


very much greater than the increase shown by the original 


White steel in comparison with the Mushet steel (47). 


of whether or not this is strictly true, Taylor and Whit 


given credit for having led the way. 
they “initiated high speed cutting,” 


marked editorially in the Mechanical Engineer of 


Gledhill 
(24) and it is still true, a 
Manchestet 


stated 


1900 (48), that they deserve credit “for having first show! 


tent to which the cutting speeds of metals with speciall 


steel tools can be pushed.” 


Many of the early Taylor-White tools must have been 


defective, or to say the least, very unsatisfactory. Referei 





























\ 


t 
i ( 





ALLOY TOOL STEELS 





10/ 


stated 
teels had a narrow heating range, the required heat treat 


made to Thallner’s objections. In substance he 


carried out only with difficulty, the tools were easily 
| they could not be used for cutting very hard metal (30) 
self noted that the early steels were “exceedingly sensi 
erheating on the grindstone, were not a success when using 
and lacked uniformity (49). The first steel recommended 


as evidently not satisfactory for machining the harder ma 


. that a second composition was later recommended for this 


the second patent application dated August 10, 1900. 
steel, incidentally, was a Midvale type with 2 per cent 
and 8 per cent tungsten, while the second was a Sanderson 
3.80 per cent chromium and 8 per cent tungsten. San 


obably first introduced this steel with approximately 4 per 


mium, which later was copied by Taylor and White (50). 


in 1903 stated that the early tools crumbled at the cutting 


pecially when cutting hard tough materials, and that they 


further commonly made criticism of 


ipplication 


quickly superseded by a “superior steel.” 


He probably 


type with lower carbon and higher tungsten, although he 


vive out the composition (51). 


the Taylor-White 


was that the recommended heat treatment as disclosed in the 


was much more complicated than necessary. 


firms were quick to make capital out of this, emphasizing 


simple heat treatment was required for their own steels. 


vlor-White heat treatment, it is true. was described in such a 


) make it appear complicated, but actually it consisted only 


ch from a high heat into molten lead, followed by a reheat 


[his is now quite universally approved except that the quench- 


he lead bath is considered unnecessary by many. 


ther charge which Taylor and White had to face was that 


lid was to take a modification of Mushet steel, and use a 


ifferent heat treatment for it. We have already sufficiently 
the changes in composition. As regards the heat treat- 
| . M. Osborn, who was the most active in this phase of the 
that Taylor and White had “further im- 
n the Mushet treatment (52 


sy, conceded 
, and Nicolson (53), writing 
iglish journal in 1903, stated that Taylor and White had 
h higher temperatures than had ever before been tried.” 
eresting comments are the Daniel 


following : Adamson 
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stated that “in using Mushet steel the old instructions 
metal was not to be overheated” (54), and H. N. B 
that “it was quite understood that the steel which Mr. ¢ 
made five or six years ago would not compare with tl 
steel” (54). Note that these last two statements were ; 
England in 1903. 

One of the most puzzling of all the questions coi 
this tool steel development is with regard to “the br 
point” theory of Taylor and White. It is difficult to 
what extent this theory was correct. During the patent 
was severely criticised. Judge Cross in his formal opinion 
that it was not substantiated by the tests made during th 
the trial. Taylor and White claimed that a tool heated 
tures between 1550 and 1700 degrees Fahr. was inferior 
heated in the range of 1500 to 1550 degrees Fahr., as 
tools heated in the high range above 1725 degrees Fah: 
words there was a “breaking-down point” for air-hardeni1 
somewhere between 1550 and 1700 degrees Fahr. Ther 
doubt that Taylor himself was firmly convinced that this was t 
in his 1906 report he was positive in his statement that 
were seriously injured if heated to temperatures within this : 
(55). He was then referring to his experiences with tools 
Midvale type, that is, to tools whose approximate average cot 
tion was 1.30 per cent carbon, 1.70 per cent chromium, and 8.3 
cent tungsten. The steel used in repeating the tests during tl 
was presumably an air-hardening steel of a similar type, althou 
have been unable to find any report as to the exact compositiot 
the steel then used. 

It is incredible that Taylor and White should have 
theory which had no basis in facts. It is certainly more 
that they advanced it with full confidence that it accorded wit! 


tain observed peculiarities of their chromium-tungsten tools 


have been offered because it served to explain all previous 


to discover the beneficial effects of extremely high heats 
heating had always been regarded as something to be 
avoided, but now they were recommending an extreme 
This seemed to require an explanation, hence the th 
agreed that a certain degree of overheating was indeed 
there was a certain range of temperatures which caused 


tion,” but once this range was exceeded the cutting sp 





ALLOY FOGL STEELS 


789 
rain improved. ‘Their own experience with the Midvale 
tught them that sometimes these tools were surprisingly 
theory helped to explain that also; there must be a ‘dan 


somewhere. In short, the “breaking-down point” theory 


rly very satisfactory at the time of the patent application, 
not withstand the attacks that were made upon it later. 
infer that it was actually defective in some respect, or that 


So 


ters made some serious mistake in defending it. 
103, the Niles-Bement-Pond Co. was sued by the Bethlehem 
for infringement of the patent. Not 


until 1908 was the 
settled. 


As everybody knows, the patents were held not 


commenting on his decision the judge said, in substance, 


patentees did not surpass others through novelty of pro- 
but by means of special facilities, apparatus, and methods 
braced in the patents (609). Whether or not we agree with 
dge is now not practically important. 


] 


The case was legally 
all 


| steel treaters throughout the world were at liberty to 
free use of the high heat process. 


before the time of the settlement of this case, Taylor had 
publish his data. 


| 


By 1906 the more enterprising manu 
iad already secured the most essential information from 


disclosures and through their own efforts, and there was 


reason why he should not publish. On the other hand there 


easons for believing that the publication at this time would be 
ageous to him. 


re 

nt He therefore spent several months in collect 
earranging the data and presented his report at the American 

r Mechanical Engineers meeting in New York on Decem- 
1906. At this time, Taylor was president of the American 
r Mechanical Engineers and the paper was given as his 
ial address. 


ublication is counted an event of great importance because 


in the circulation not only of valuable data on the prin 


metal cutting, but also of much reliable information regard 


ewer tool steels. As E. R. Norris has said, “This paper 
protound and world-wide interest in steel” (56). At 
value to the metallurgist and user of steel has of course 


to some extent, but its value to the student and historian 
as ever. It 1s without doubt the greatest single source of 
information on the subject of high speed steel. 


hy 
I 


A careful 
Ss report and a linking of its revelations with certain in- 
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White invented. 


























first to imtroduce 























































































































cutting speeds. 








rather the result 











rR 


a hardening treatment 
heat treatment used 


cooling from the forging heat. 


Ing Operation, as we know it. 


than the use of the high heat. 


INSA( 


TIONS 


() 





for such a 


regarded as their chiet discovery. 


origin, we quote the statement of 


at 1150 degrees Fahr.). 


/ ‘ 


of steel so as to give it the previously unknown prop 
this combination was original and novel. 


ing, when treating air-hardening steels. 


steel 


LHI 





from other sources enables us to answer w 


able assurance the much-debated question as to just what 


In order to produce a metal-cutting tool of high efi 


specified a method of heat treatment and applied it to a 


I 


hardness. The proposed heat treatment combined severa 


They were 


separate fro 


| rh ir to S89 


was the forei 


steel treaters of the present day who are accustomed to 


to torging. ‘This particular step is so important that it 


value are well understood, it is an interesting fact that a 


Maunsel White, mas 


laylor also refers to this subject in paragraph 995 of his 
but his statement is not quite as definite as White's. \\ 


the treatment recommended was a rather brief tempering 


was their demonstration of except! 


There was then no separat 


This fact 1s apt to be over 


forging and hardening as separate and distinct operation 


method of Vaylor and White the heating almost to the mel 


1 


\nother part of the process was the use of the sec 
heat treatment, or the “high draw” as it is usually called to 
is considered by some to be a greater and more original 


\lthough today the great 


e 


we found was due to the heating in cutting and for this 


1 (yx 


e 


Another contribution made by Taylor and White, ai 
quently mentioned, 


Strictly speaking, this was not an inv 


of 


the invention. 


Occasionally the crit 


such a step is almost universally recognized and the reasor 


‘ontrolled reheating was adopted as an important step in th 







years passed before it was so widely approved. With regard 


“After the high heat it was found that the tool made furt! 


provement by running in the lathe and grinding several times 


stituted a second heating at a low heat which was carefully 
mined by exhaustive experiments to obtain maximum result 


This clearly shows how the high draw came to be invent 


\ 
{ 
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t 
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are principally the 


ILLOY TOOI 








‘S7 FL rs 79] 
that these tests were simply “spectacular”. The rapid 
n the nose of the tool was visibly red-hot was sometimes 
an advertising stunt. It is true this was “advertising”, 
monstrations were based on actual results obtainable by 


ethods of heat treatment. Taylor and White, or some 


ssociates at Bethlehem, were good advertisers. The dem 


were intended to arouse great interest in the new process 


icomplished their purpose. The interest so aroused led 


read technical advances throughout the industrial world. 


developments since 1906 will be only briefly summarized. 


nost highly recommended by Taylor at that time proved to 


lard for many years, as has already been said. The chro- 


tent of from 5 to 6 per cent, however, was generally reduced 


per cent in the later years, and the vanadium content was 
so that in the United States in the years 1920 to 1930 a 


content of 0.75 to 1.00 per cent was probably most com 


1 


und. 
imerable variations have, of course, been tried during the 


nty-five years. ‘The proportions oft the elements have been 


additions of other elements have been made, but up to 


ent, no new steel has been good enough to supersede the 


pe, except asa special purpose steel, 


variations which are at the present time commercially 


é 7 ] yx 
Various cobalt (Supersteel) ty 
Molybdenum-tungsten typ 
early days of cobalt high speed steels the usual practice 
from 3 to 5 per cent cobalt. This was later increased 


ent, the recent tendency being to use higher percentages. 


iss this development adequately would require a separate 


summarize very briefly, we may say that such steels do 


have a certain limited field of usefulness and in this field 


probably superior to the 18-4-1 type, but they are also con- 


nore expensive. 

ler experimental development of interest has been the 
een (70), IKinzel and Burgess (31), and Oertel and Eilen 
on the high carbon, high vanadium steels. The vanadium 
these steels is increased to as much as 6 per cent, and the 


tent is also increased. Such steels are so new that they have 
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Composition of Mushet Steel 


Mn 


(OHt)) 
(61) 
» _e ) 
(6 ) 


] 
{ ) 


oO 1.90 
amed i ’. but not ‘“‘Mushet”’ 
“Ivanhoe” brand, not called **Mushet’’ 
Self-hardening, not named as ‘*Mushet”’ 
The chromium found in some samples, 


not as yet heen thoroughly tested. It is possible that they 
to be of value, but they, like the high cobalt. steels, 
sive steels to make. 

\nother quite recent development is the productiot 
molybdenum-tungsten steels. Molybdenum tool steels, as 


known, are not new, as some steels containing molybdenum 


made as early as 1898. It is only within the last year, however, tl 


the new molybdenum-tungsten steel has been announced 
different from all previous varieties, in that it contains about 
fourth as much tungsten as molybdenum. It is a distinet typ 
properties superior to other molybdenum steels, as has beet 
by various tests (32). This steel is also too new to be thorou 
proven, but the present indications are that it will be a 
of the 18-4-1 type. 

Within the next few years other new steels will pro! 
pear, and tests will continue, so that eventually we sl 
whether any new steel is good enough to displace the 18 


as standard. It is clearly impossible to predict the out 












they could in some way be unearthed. 


alloys, so that possibly in the future no single steel wall 
lominate the field. 


e of space limitations the historical development of the 


i 


tool steels has been only brietly mentioned. \n 


been given in the monograph, “The Alloys of Iron and 
i 


published on the subject, although it no doubt omits cet 


wh. by .. 
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sethlehem 


( 


uly 1, 1901—Taylor left employ of the Bethlehem Steel Co 


\ 


r, 1891—Brustlein sent manganese-tungsten steels to Midvale 

1893—Brustlein sent chromium-tungsten steels to Midvale 
1894-95 ‘Taylor tested various brands of tool steel at Cramps’ 

started to work at Bethlehem 

3, 1898—White joined Vaylor in the tool steel experiments. 


1S98 lavlor 


1898 


20, 1899-—U 


1900—C ontract 


1900—Demonstration at Bethlehem Steel Co., to technical press 
of 1900—Demonstration of tools treated by Taylor-White process 


exposition 


1 


) 7 
668.270. 


20-21, 1901 


1902——"Tests reported by the Franklin Institute Committee. 
lests made by 


1903 Report of tests made by Profe ssor Nicolson. 
lests continued by Taylor and associates at William Seliers & C 
sts continued by Taylor and associates at Link-Belt, and compo 


steel modified. 


patent 


r 31, 1903—Lodge and Shipley tests reported. 
<6, 1904—Gledhill’s paper presented at Iron and Steel Institute 


ew York, 


hite left employ of the Bethlehem Steel Co. 
ind Fall of 1906—Taylor and associates tested several commer 





r 4. 1906 


Che trend now seems to be toward a multiplicity of steels 


review ot the 


ished parts of the history which would be of considerable 


\mazing effects of the high heat treatment discovered 


‘oe . 


0, 19OO—A second U. S. patent applied for by Taylor and White 


7, 1900—Earliest printed report of Taylor-White tests at Paris 
Kngland, a brief anonymous note in The Enginee) 


ber 17, 1900—British patent of Taylor and White printed in England 
February, 190] 


19, 1901—Two U. S. patents issued to Taylor and White, No. 


started suit against Niles-Bement-Pond Co. for infringe 


Taylor’s American Society for Mechanical Engineers 
at New York. 


he patent suit ended. 







use Of molybdenum in high speed steel 


> = 


Gregg (33). This includes practically 
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patent applied for by Taylor and White 
with Link-Belt signed. 


Taylor had charge of the sale of shop rights. 


Tests made by the Franklin Institute Committee 


Nicolson Committee in England. 
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LOAD LOSSES IN SMALL HELICAL SPRING 
ELEVATED TEMPERATURES 


By Fk. P. Zimmerzi, W. P. Woop ann G. D. \W 


Abstract 


This paper presents the results of an invest 
of the load losses sustained by small helical springs 
stressed condition when exposed to elevated tempy 
for periods of 72 hours. It was found that t 
for shorter periods of time were liable to be m 
for cach material studied there appears to be 


/ 


( 
LSL¢ 
@ i 


emperature below which stress and temperature 
controlling factors and above which time is the inf 
factor. These limiting temperatures vary from 201 
grees Kahr. to 700 degrees ahr. for ferrous allo 
stainless steels and high speed steel showing the 
sults. Monel metal shows good resistance up to 4 
grees Fahr. while phosphor brouse and brass fall 
Wdly above 100 degrees Fahr. 


T° MANY types of service at the present time, helical 


required to operate at temperatures considerably abovi 
pheric temperatures. In this connection might be mention 
springs in aircraft engines, clutch springs, oven-door sprin 
types of pressure relief valve springs, and many others. 
springs suffer more or less loss in loading capacity. In gener 
loss increases with increasing temperature The purpos 
present investigation was to study load losses 1n various cot 
spring materials at elevated temperatures and to present data 
might be helpful in choice of material and design of spru 
service at these higher temperatures. 

While a considerable amount of work has been don 
nection with the behavior of metals at elevated temperatures 
is but little published data dealing with this particular phas 


subject. Pickwell' discusses the behavior of monel metal spring 
Che Nebraska Blueprint April, 19 


Ot the authors F. P. Zimmerli is chief engineer, Barnes, Gil 
mond, Inc., Detroit, W. P. Wood, professor of metallurgical 
University of Michigan, and consulting metallurgist, Barnes, Gi 
mond, Inc., Ann Arbor, Michigan, and G. D. Wilson researc! 
department of engineering research, University of Michigan, A 
Michigan. 
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at springs made trom this material perform acceptably up 
erees Fahr. His work was based on short-time tests which 


nt authors have found to be somewhat misleading. He also 


that alloy steels are superior to monel metal above 450 


ahr. Troendly? points out the application of monel metal 


es operating at elevated temperatures, particularly wher« 


conditions are present. Several workers including the pres 


ors’ have made determinations of the torsional moduli of 


aterials at temperatures up to 1000 degrees ahr. 
MATERIALS INVESTIGATED 


attempt was made to study as many as possible of the 
ls which are used at present in the production of helical springs. 


le | includes a list of these metals, together with their chemical 
previous thermal and mechanical treatments, bluing tem 


s and Rockwell C hardness numbers as taken when the 


were ready for testing. By the term bluing is meant a rela 
w temperature anneal given to the springs after coiling in 
remove coiling strains. 


\PPARATUS AND PROCEDURI 


\ 


Che general method used in this study was to observe the load 


after the springs had been heated in the stressed condition 
lefinite period of time at various temperatures. Some prelim 
experiments indicated that in the case of each material there 


“| to be a certain temperature below which stress and tem 


iture were the predominating factors in load-carrying capacity 
bove which time was the most important factor. It was found 


; 


al 


below this temperature the springs tested had ceased to take any 


+4 
’ 
( 


/2 hours, while above this temperature they continued to 
set indefinitely. With this information at hand, all tests 
un for periods of 72 hours, regardless of temperature. 
tree height, outside diameter, and wire diameter of each 


vere measured. By means of the Wahl* formula, the loads 


Nickel Compan 





1oydsoyud 
[PIO [PUONN 


Tea 


poseds ysipf 


nuP 


poyou ng 


CV M 19938 


ss IJUTBEYS 
IMBIC] 


[9393S 
ploy 
th 


SSITUIBIS 
UMBIG] 


[2235 
winipeue A 
vs awoi1y) 


UMBIC] 
pue 
Pp you the) 


1M OISN]L 
UMBIC] 


| III uogte-) 
PI9D 


pel 1 Ww9 
UMPIC] 


[Pliage 
pur | 
yyousng) . | 

iu 1D 
: JUdUI seat hea 
SSOUPIPTT ’ work. 
ree = noraaid 


PeISO, S]BIOW JO UOTIsSOdUI04 


LA 





HELICAL SPRINGS AT HIGH HEAT 


. produce given stresses were calculated. The deflections 


re 


¢ to these loads were then measured and the sprin 


in a special jig to the predetermined deflections. The 


ning the compressed springs were then placed in a Freas 





or Stress Tests 


held at the required temperature for 72 hours, at the ex- 
of which time they were removed and the load losses de- 


Three springs were used in each test and the results 
Wahl formula is expressed as follows: 


8PD 4c-1 0.615 


wd 4c—4 


stress in pounds per square inch in outer fibers 
mean diameter in inches 

wire diameter in inches 

load in pounds 


D 


d 


stress given by this formula takes into consideration shear 
torsion and gives what is known as total shear stress. 
| is a sketch of the jig to which reference was made above. 


of two heavy cast iron plates, the relative positions of 
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which are varied by means of lock nuts. The springs 
between these plates and the deflections obtained by pi 
ment of the lock nuts. The distance between the plates 
at each corner by means of inside calipers. The plates 
enough to prevent warping during the period of heati 


thermal changes were observed during the period of th 
RESULTS AND DISCUSSION 


Results of this study are presented in Figs. 2 to 


and are plotted in such a manner as to show variations i1 


versus temperature. As stated previously, these result 


Wy 
Q 

Cc 

2 

© 

Q 
& 

Oo * 


Per Cent loss in Loec 


Fig 2 Stress Tests of Tempered Carb 


values obtained after the springs were heated for 72 hours 
fact that 72 hours were required for equilibrium conditions 
gests the behavior of steel in tension at elevated temperatures 


the case of which it has been noted that up to the equi-cohesiv 


perature, creep is observed for about 150 hours. It is postula' 


that the metal has become strain-hardened by this time 
further deformation. Since results of creep in torsion, 
with the metals used in this investigation, are rather scatt 
incomplete, it is impossible to check this observation wit! 
tion furnished by other investigators. This question was 


oughly studied in the present work since the aim was 




















SPRINGS 


practical data which might be of service in the design of 
la 

is for use at elevated temperatures. 

he noted that 1n most cases, at least two stresses have 


in determining load losses. In general, the highest stresses 
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res : Kig. 4—-Stress Tests ef Chromium-Vanadium Steel 


he neighborhood of the maximum stresses used when springs 
ting at atmospheric temperatures. The other stresses were 
ly lower and were chosen as being probably in the range 
practical stresses which might be used in spring design. 
< indicates that the tempered carbon steel may be used at 
es up to 400 degrees Fahr. without load losses of more 

cent. Above 400 degrees Fahr., however, in all cases 


rease 1n load losses 1S observed. 
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Fig. 3 shows the behavior of music wire which, as is 
is a highly work-hardened material. The temperature by 
load-carrying capacity drops off rapidly appears to be 
Kahr. An interesting point is, that in so far as this 
stress seems to be of relatively little importance in the « 
material. The springs stressed to 90,000 pounds per s 


Fig ) Stress Tests 
Chromium Stainless Steel 


show but little increase in load loss over those stressed to 40, 
pounds per square inch. 
The stresses used in the chromium-vanadium steels (Fi 


were rather high. The fact is quite clear, however, that 400 deg 


Fahr. is again the limiting temperature. Springs with stresses lov 


than 65,000 pounds per square inch could probably be used 


400 degrees Fahr. with practically no loss in load and if the stresses 
were very low, they might be used at temperatures slightly hig! 
than 400 degrees Fahr. 

Figs. 5 and 6 indicate that the stainless steels may be used 
to 500 degrees Fahr. without losses of more than about 4 
There is not much difference in the behavior of the stra 
mium steel as compared to KA2. 

As would be expected, high speed steel (Fig. 7) may 
at temperatures appreciably higher than those for any ot! 
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or stresses up to 40,000 pounds per square inch, this 


ay be used up to 700 degrees Fahr. without more than 


ss in load. Cases have been reported wherein high speed 


nN a Ls 
Sop snk /nec 
J’ CE//i LUSO 
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Stress Tests of Stainless Steel KA2 


Temperature, F. 


If? 
c 


Per Cent loss in load 
Fig. 7—Stress Tests of 


High Speed Steel. 


stress values has given satisfactory performance at 900 
iT. 


1 





Q] (fil 


Monel metal (lig. 8) was studied at two stress« 
of these was 85,000 pounds per square inch, and it i 
was probably somewhat above the stresses that wor 
be used. It will be noted that at 40,000 pounds per sq 





metal gives very satistactory performance up to JOO cle 


his tact, coupled with the well-known corrosion resistat 
metal, would make this material very desirable in many 


The results for phosphor bronze and brass are 
igs. 9 and 10. It is evident that these materials cai 


recommended tor any temperatures above 100 degrees 





















mits their use to only those applications where the tem 


not exceed atmospheric, but where a certain amount of 


istance Is necessary. 


on Loap Losses AT ELEVATED TEMPERATURES 


er to test the utility and accuracy of the curves presented 
to 1O inelusive, some extended checking tests were made 
lure was as follows: Springs were subjected to specific 


temperatures for periods from 7 to 11 days. The load 





predicted trom the curves and compared with the actual 
rved. From 2 to 5 springs were used in each test and 
averaged. Results of these tests are shown in Table II. 
‘cen that the differences between actual and predicted load 


less than 2 per cent. 


Table Il 


Predicted Actual 
Maximum lime at Los Los 
lemperature, Fiber Stress Stress and in load in load, 
Degrees Fahr. Ibs. per sq. in Temperature Per Cent Per Cent 
12 40,000 day { 
Steel 356 80,000 davs 6.0 1.9 
KA 500 10,000 days () 1.0 
KA 00 85.000 11 days } . 


TRANSACTIONS OF THe 4. S.S.7 


In order to ascertain the effect of temperatur: 
recommended, a group of tempered carbon steel springs 
to 85,000 pounds per square inch for 7 days at 500 
This temperature was 100 degrees Fahr. above the limi 


ture of 400 degrees Fahr. The average load loss in thes 


18 per cent. From Fig. 2, it had been predicted that 


3 days the loss in load would be about 25 per cent. Thi 
to indicate that the statement made earlier in this pay 
the importance of time, at temperatures above those r 
is not out of line, at least as far as these carbon steel 


| yncerned. 













































,LLOYS OF IRON, MANGANESE AND CARBON—PART V 
roscopic Studies of Binary Tron-Manganese Alloys 
By V. N. Krivospok AND Cyrit WELLS 


4 lbstract 
The paper deals with the characteristic microstruc 
net in a series of fairly pure tron-manganese alloys, 
| ying in composition from 100 per cent tron to 100 per 
distilled and remelted manganese. The nature of 
constituents is described and illustrated by photo 
hs. Thus the proof ts offered, augmenting the dilato 
ic and X-ray studies of the same alloys already pub- 
hed, that the iron-manganese system does not form a 
ntinuous series of solid solutions, but contains several 
ases, not all of which, however, have been distinguished 
roscopically. 


[* reviewing work on the subject of iron-manganese alloys 


manganese steels, one finds that, in the majority of cases at 


+ 


ist, the alloys examined were contaminated with common impuri- 


uch as carbon, silicon, etc. The problem of elimination of small 
of impurities, especially carbon, is rather difficult and re- 
es a certain tedious procedure in the preparation of alloys.’ 
ippears not only desirable but quite necessary to reduce im- 
ties to a minimum if we are to expect that microscopic studies 
any system will furnish reliable information. The solubility of 
| iron at room temperature is quite small? (probably in the 
ighborhood of 0.01 per cent), and, what is more, as Dickie? states, 
ns of manganese to ferrite decrease it still further. Conse- 


Walters, Jr., “Alloys of Iron. Manganese and Carbon, Part I, Preparation of 
ANSACTIONS, American Society for Steel Treating, Vol. 19, 1932, p. 577 


Yensen, “The Magnetic Properties of the Ternary Alloys, [ron-Silicon Carbon,” 
nstitute of Electrical Engineers, Vol. XLIII, 1929, p. 145. 
\. Dickie, ‘‘The Solubility of Carbide in Ferrite,’ Journal, Iron and Steel Insti 
CXX 


Whiteley, “The Solution of Carbide in Alpha Iron and Its Precipitation,” 
and Steel Institute, Vol. CXVI, 1927, p. 293. 
\ er presented before the Fourteenth Annual Convention of the society 
iffalo, October 3 to 7, 1932. Dr. V. N. Krivobok, a member of the 
protessor of metallurgy, Carnegie Institute of Technology, Pittsburgh. 
oa metallurgist, Metals Research Laboratory. Manuscript 
ly 21, 1932. 
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quently, even small amounts of carbon, especially if th 

solubility figures, would introduce serious error in th 

of the structures of the 1ron-manganese alloys. 
Possibly on account of this fact, 1t 1s commonly 


] 


iron and manganese form a continuous series of solid 


retain, at least at the iron end of the diagram, the sp 
iron. It was necessary, therefore, to utilize tor these 
containing from O to 100 per cent manganese, with ver 
content (between limits of 0.006 and 0.03 per cent, and 
ities practically ml. f:ven these alloys cannot be consider 
speaking, binary alloys. Yet, their study should yield 
definite information than could have been obtained fro 
eation of previously available alloys of higher, althous 
tively small, percentages of carbon. And, thus, it will be 
the constituents are more numerous and, hence, micro 


iron-manganese alloys is decidedly more complex that 


viously supposed. 


lor purposes of description, the alloys are divided 
hased on the transformations involved rather than on th 
of the microstructure, since the latter depends on_ the 
heat treatment that an alloy has received. The transtorn 
phases involved are best shown by the tentative diagrat 
constructed in accordance with available informatior 
eiven in this are from three sources: delta region and 
liquidus are taken from the work of Rumelin and Fic! 
high manganese end from the X-ray investigations by Ohi 
low manganese end is based on Walters’ unpublished 
observations on homogenized alloys. 

It is, thus, definitely established that 1ron-manganes 
may contain one or more of the following phases: alpha, 
and epsilon iron (on the iron side of the diagram), ai 
beta, and alpha manganese (on the manganese side). The « 
of the gamma iron phase with the gamma manganese phase | 
noted,—that is, gamma iron merges imperceptibly into gai 
eanese while the lattice dimensions are changing uniform 
has drawn a dividing line between gamma iron and gat 


vanese, apparently for the sake of completeness. 
Rumelin and ick, Ferrum, 1915, Vol. 12, p. 41 


Ontgenographische Untersuchungen 


| o2 ‘ 
sche Chem Vol 8, 1930, p 2] 
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first group are described those alloys which, on cooling, 
eamma to alpha transformation, which 1s complete at 


perature. Such alloys contain at room temperature only 








+ } 
aMn 
+ 
} 
+ 
10) cU 30 40 50 60 0 8O 90 700 
Yn, 
Per Cent Mangenese 
Diagram Showing Regions of Various Phases in n- Slalwane 
(From. the X-ray data of Ohman and unpublishe | finding ot 
h Lal it ( evie | titut { Technolog. 


namely, alpha iron; the composition of the alloys varies 
approximately 1O per cent manganese. 
the second group are placed those alloys in which gamma 
gal mposes to epsilon, with or without the formation of alpha. 
the third group belong the alloys (30 to 60 per cent man 
n which all transformations are suppressed and in which 
perature gamma phase is preserved down to the tempera 


O e of liquid air. These alloys are of the simplest microscopic ap 


m 60 to 95 per cent manganese, we have the fourth group 
in which is observed, for the first time, the appearance of 
anese-rich phases, the relative amounts of which, as com 


gamma phase, depend to a large extent on composition. 
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TIONS OF 


question of nomenclature 1s of importance. 


earlitic,” “‘sorbitic,”’ or “‘martensitic,”’ 


THE A. 





Such a procedure is hardly justifiable. 


Ss ots 
DESCRIPTION OF VARIOUS GROUPS OF ALLO 


In describing the microscopic characteristics of tl 


I’. 


In previou 

work, the alloys of iron and manganese were frequent! 
using, as it \ 
scriptions borrowed from the nomenclature pertaining to 


While it 


example, that some of the iron-manganese alloys have a 
appearance similar to that of coarse martensite of plain cai 


yet their other characteristics are so dissimilar that the 


le expression ‘martensite’ is wholly unwarranted 


Moreover, the properties exhibited by 


ture are not comparable. 


of iron, by Osmond and Cartaud,’ we 


and thus illustrate its structure.” 


described as possessing a “Widmanstatten” 


read 


Dr. R. F. Mehl states more generally: ° 


to the lattice of the parent solid solution.’”® 





“Sur la Cristallization du Fer,’’ Revue de Metallurgie, 1 


®Studies upon Widmanstatten Structure. Part I, 


Ame 


1¢ 


©) 


F. Mehl. 





n the Genesis of Widmanstatten Structure in 


page 
an Institute of Mining and Metallurgical Engineering, 


Meteorites 
lron-carbon Alloys, Mineralogical Magazine, March, 1924, Vol. 


stance, the atomic structure of martensite is accepted to be 


in iron-manganese alloys no such atomic arrangement is 








martensitic car 


steels and by iron-manganese alloys showing martensite-lik 


Again, certain alloys, as will be shown presently, would b 


structure. It may 


as 


906, 


7, Technical pul 
1930 


Consulting, for example, the manuscript on crystalli 


1 


follows: “w 


when a solid 


] 


Vol. }, p 








in 


and 


XX, 104, 


tion, stable at high temperatures, upon cooling precipitates < 


pointed out that the expression ““Widmanstatten” structure, jud 
by metallurgical literature, implies the co-existence of at least 


Zat} 


} 
A 


Belaiew.* However, studies of iron-manganese alloys 


body, liquid Or solid, deposits successively several solid phases, t 
secondary or tertiary deposits lodge preferentially between cert 


crystallographic planes determined by the primary crystallizat 


phase, this new phase appears in a particular manner; it deposits 
such a way that its lattice bears a definite crystallographic relat 
Similar quotations, pat 
ticularly in relation to meteorites, could be cited from the work 
N. 


certain composition) showing typical Widmanstatten pattern 
























id 


+2¢ ’ Wn? . S 4 Ww. , 
a ae ee De Y As 
nk “be “be 
PF ONN _ SON The 
TA Saw eh . 


Per 


Brine Quench. 


Mangane e 1.4 
10 Minutes, Ice 
Manganese 1.7 

Minutes, Ice 
Manganese 1.7 
30 Minutes, Ice 
Manganese 
Photomicrographs 


Cent, Ca 
Per Cent, 
Brine Quench. 
Per Cent, ( 
Brine Quench. 


250. 


OYS OF IRON, MANGANESE AND ( 


rbon 


Carbon 
‘arbon 


7.2 Per Cent, Carbon 0.01 


ARBON 


A poe 


\ tte ee” 
é 
a ee ee 


, } SS 
yhNes ~ 


os 


my 


; Wks 
WON \es 
Rn 4 
Ma Harals 


Ny . 


\ 


Halt Qh 
ANN 


, 
, " , 

4 7 4 

} , 

de Pla 


; 
{ 
ry) 


aw 
We 


b Mig de us Fie 5 ae: 


0.01 Per Cer 


0.01 Per Heated to 


(ent 


0.01 Per Heated to 


Cent. 


Per Cent, As-Cast. Etchant, 


tence of only one phase in these alloys, as shall be described 


ip 


The characteristic structures obtainable in this group 









are adequately represented by the photomicrographs Fj 
inclusive. 

The structures are found to fall into two distinct a; 
types: one, as exemplified by Fig. 2, and the other as is 


Fig. 3 or 4. The first is in no way different from the sti 











pure metals or of homogeneous solid solutions :—definitel 
erains of various sizes, controlled, of course, by the heat 
This structure is readily obtainable in the alloys of not h 
2 per cent manganese, either in as cast condition or, prefer 
slowly cooled with the furnace. There can be no doubt tl 
tains but one phase. 

The second observed structure, much resembling in 
what is known in metallographic nomenclature as ‘*Widmai 
and described as such by Hadfield,” \Wohrman,” Ishiwara 
others, is characteristic of the alloys up to 2 per cent after 


ing (Figs. 3 and 4+) and of the alloys higher than 2 per cent 





Yanese even after slow cooling ( Figs. 5 and 6). It must 

















forgotten that despite the close resemblance to Widmanstattet 
















tern, which, as was previously stated, contains at least tw : | ‘ 
manganese-iron alloys of the similar (1. e., Widmanstatten ) structu | 7 : d 
contain mainly one phase (namely, alpha iron) as has been | | Kay* Oy 
\-ray analysis.' | of 
Thus, the presence of “Widmanstatten’’-like structures | (sé 43 
manganese alloys presents an interesting phenomenon. Thi | ; iy) 
nation, however, suggested itself after the study of dilatometri | 1, A 
havior of these alloys and simple experimental work. Taking RS re 
example an alloy with 4.4 per cent manganese, it will be noted Lar & 
in an “‘as-quenched” condition (Fig. 7) the structure insicd ie 
grains is revealed as a set of indistinct black parallel lines, 4 
in many directions——in other words, a typical Widmanstatte 2 
pearance. On slow cooling of the same alloy the picture ts = 


rially changed (Fig. 8)). The general appearance is mor 


preserved but the structure proper is no longer charactet 
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[ron Manganese Alloys,’ hi 
Metallurgical Engineers, 1927 


Peraji Ishiwara, “On the Equilibrium Diagram of the Al-Mn, Cu-M1 
Systems, Science Reports, Tohoku Imperial University, Vol. 19, 193 | 
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\l Gensamer, ] iD Eckel and F M. Walters. “Alloys of Iro: 
Part III,—-X-Ray Study of the lIron-Manganese Binary Alloys,’’ TRANSA 
Society for Steel Treating, Vol. 19, 1932, p. 599 
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TRANSACTIONS OF 


Fig. 10—Manganese 4.4 Per Cent, Carbon 0.01 Per Cent. Sealed i: 
to 1800 Degrees Fahr., Held for One Hour, Quickly Transferred to Anothe 
815 Degrees Fahr., Held for 105 Hours, Quenched in Ice Brine. 

Fig. 11—-Manganese 4.4 Per Cent, Carbon 0.01 Per Cent. Sealed in \ 
to 1800 Degrees Fahr., Held for One Hour, Quickly Transferred to Another | 
1020 Degrees Fahr., Held 96 Hours, Ice Brine Quench. Etchant 5 Per Cent HN 
nified 2000 Diameters. 


formation proceeds still further (Fig. 9). Apparently, slow cot 
is conducive to formation of grains which are not, perhaps, 
ilar to the same as pictured, for example, in Fig. 2. Since format 
of new grains can take place (under normal conditions) only a 
temperature of phase change, it would be natural to expect t! 
any alloy belonging to this group (complete gamma-alpha tra 
mation on cooling) were held at the temperature of transfor 
for a considerable time, it would be given an opportunity to de\ 
a structure typical for one phase system. An alloy of 4.4 per ¢ 
manganese has the gamma to alpha transformation beginning 
about 860 degrees Fahr. (460 degrees Cent).12 At 805 or 825 ¢ 
erees Fahr. (430 or 440 degrees Cent.) the transformation is in / 


swing. A sample of this alloy (which, if quenched from 1800 


Fahr. (980 degrees Cent.), develops a structure quite similat 


°F.) M. Walters and M. Gensamer, ‘“‘Alloys of Iron-Manganese. Part L\ 
metric Study of Iron-Manganese Binary Alloys, Transactions, American 5 
Treating, Vol 19, 1932, p. 608. 
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r, 7) was sealed in vacuo in glass and after heating to 
es Fahr. (980 degrees Cent.) was quickly transferred 
furnace at 805-825 degrees Fahr. (430-440 degrees Cent.), 
is held for 105 hours and then rapidly quenched by break 
iss tube under water (Fig. 10). Another sample of the 
received similar treatment except that it was held for 100 
1020 degrees Fahr. (550 degrees Cent.) (Fig. 11). The 
lifference in the structure of two samples is best shown 

0 wer photography, which was used in securing photographs 

10 and 11. Holding a sample within the range of transforma 
iterates Widmanstatten tendencies. However, is must be 

| that the resulting grain size is quite small. 

Hence, it is believed that the Widmanstatten-like pattern in th: 


Het 
this group is due to the formation along crystallographic 


lanes of the metal of minute grains of alpha iron-manganese solid 
at the time of transformation, and without much change in 


mtiOt 


size preserved through cooling to room temperature. It is at 


st conceivable that the stresses set up during gamma to alpha 


ve may have some influence on formation of these fine grains 
the resemblance to large twins was observed in some of these 
is quite probable that both the slippage along crystallo 
planes and the twinning are the sources of stresses. 
far the question of solid solubility of manganese in alpha 
ot been discussed. Supposing that the range of solid sol 
ery wide (which appears quite likely) and remembering 
rate of diffusion is slow, it is admitted as possible that alpha 
rmed at various times of gamma to alpha transformation 
of widely different manganese concentration. Varied action 
etching reagent would then result in a definite structure of 
imanstatten type. 
“'ssentially, these two explanations are not much different. Since 
ble data on solid solubility of manganese in alpha iron are 
it present, it is perhaps wise to refrain from further spec 
the subject. 
of lower manganese content,—as for example, one with 
nt manganese, may even on slow cooling, show isolated 
complex structure. It is not unlikely that the segrega- 
alloy may be the cause of it. 
of the second group, according to dilatometric measure 


ergo gamma to epsilon transformation on cooling and 
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/ 


iphic studies of this group show the existence of Widman 
e structure under all conditions of treatment (Figs. 6, 
In this case it appears certain that the cause for Wid 
pattern lies in the formation of infinitely fine grains (as 
above) and also in the retention of high temperature 
alloys of relatively high manganese content, for example, 
per cent, even slow cooling results in retention of con 
quantities of the gamma phase. A complete interpretation 
tructures and positive identification of different allotropic 
juite difficult. Attempts have been made to identify three 
phases (alpha, epsilon and gamma) by means of etching 
but, so far, without success, due possibly to their fine inter 
This is especially true of the epsilon phase, which, due 
w temperature of formation, has little chance to develop 
ly large grain size. 

When the percentage of manganese becomes sufficiently high 
cent) to suppress altogether the gamma to alpha transfor 
the Widmanstatten-type of structure is due to the retained 
phase and the minute grains of epsilon formed at the cleav 

lanes of the alloy. Such a structure is shown in Fig. 14. 

\s was already stated, to Group III belong alloys of 30-60 

nt manganese. In these alloys gamma to alpha transforma- 
completely suppressed and, consequently, the structure of 


loys becomes of the solid solution type, as is shown in Fig. 15, 


(he structure of the alloys is, of course, not changed by any 


treatment. Since no phase change occurs in these alloys on 
or cooling, no grain refinement is possible except by mechan 
orking. Forging of these alloys presents no unusual difficul- 
the resulting grain refinement is clearly shown in Fig. 106. 
of the cast alloys usually reveals a pronounced segregation 
which is completely obliterated only with difficulty. 


reasing manganese content above 60 per cent brings about 


changes in microscopic structure. This should be expected 


is at these concentrations -( from 60 per cent manganese up ) 
presence of alpha and beta manganese phases are disclosed 
analysis,* ' 
structures typical of these alloys are represented by photo- 
igs. 18, 19 and 20. In addition to gamma phase, another 
it appears. This constituent is found in fairly large masses 


isily distinguished by its characteristic appearance :—it is 





TRANSACTIONS OI! 


18° *& 
SSS eee 


Fig 16 Manganese 39.9 Per Cent, Carbon 0.01 Per Cent. Forg 
Degrees Fahr. and Slowly Cooled. 
Fig. 17 Manganese 39.9 Per Cent, Carbon 0.01 Per Cent As-forged 
Fig. 18 Manganese 67.6 Per Cent, Carbon 0.02 Per Cent. As-cast 
Fig. 19—-Manganese 90.0 Per Cent. Carbon 0.01 Per Cent As-cast Kt 
| h 


Cent HNQOs, All Photomicrographs x 250 


bo teatis 


apparenty quite a bit harder than the gamma phase consti 
matrix and unquestionably very brittle. Numerous cracks, 
abruptly at the gamma phase boundary, are usually pr 


fact, the appearance of this constituent closely resembles t! 





SEIN 


eS 
~AN 


_~ 


ine 0 Cent, Carbon 0 r Ce 
led Down to 1700 Degrees Fahr., Ice Brine 
Per Cent HNOs, Magnified 250 Diameters 


llic compound. Its color is white and the usual etching 
such as nitric or picric acids, do not seem to attack it. Its 
nereases with the manganese content until finally it may 
| as a matrix in which the gamma phase is imbedded. 
vith the increase in the amount of brittle phase, the external 
gama grains undergoes a change. These grains now re 
irrow strips, running parallel to each other (Fig 19). It 
noted that while the gamma phase often shows the traces 
ingot segregation, the latter has never been observed in 
phase. 
the above discussion the new constituent found associated 
na phase was deliberately referred to as “brittle” phase 
constituent. That it is beta manganese phase (solid solu 
uite likely, but a positive metallographic method to differ 
tween beta and alpha manganese is still lacking 
heat treatment the alloys just described agree, in general, 


tentative diagram proposed by Ohman,‘ on the basis of 


lor example, any alloy with manganese between 67 


cent, 1f quenched from sufficiently high temperatures 





$20 


(depending on composition. See diagram ot Fig, 


samma manganese (Fig. 21), as should be expected. 


cooling of the same alloy, the brittle phase separates out. 


scopic appearance of brittle phase and of gamma phase 
disappearance of dendritic structure in the latter) 1s 


either annealing or normalizing. 
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le CoONl- 


71 hbera 


lWvon-Mmail 


heter 


v, deformation, and heating rate through the alpha 


Ma transtoriiation rande. 


known that the character of an allotropic transformation 


lloy, and the temperature at which it occurs are dependent 


ber of circumstances. ‘The rate of cooling, 


for example, 


ed effect on the temperature of the Ar, transformation of 


\hile the 


rate of cooling has little effect upon the 


iron and man- 


tions occurring in the binary alloys of 


e are other factors which produce marked chan; 


ges ( )t 


(1) hetere weneity, (2) cold 


\ are considered in this paper ; 


rate of heating through the transformation range. 


METHOD OF OBSERVATIONS 


preparation of the alloys studied has been described else- 


homogenizing, specimens of the alloys were held for 


rs at a temperature 5 to 50 degrees below the solidus. 


‘The 


as carried out in purified helium at atmospheric pressure 


loss of manganese as far as possible. 


The analysis of the 


sented before the Fourteenth Annual Convention of the society 
3 The author, Dr. Francis M. Walters, Jr., 
the society, 1s a member of the staff of the Metals Research Labo- 


7 oy 
ober » BO é, 


echnology, Pittsburgh. Manuscript 
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transformations, 


\-ray measurements of the phases involved. 


per cent manganese alloys (in curve C 


to the denser, face-centered gamma phase. 


state and when in the alpha state. 
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alloys and the method of cooling after homogenizing at 


- Homogenizi 


Cent. 
( ent. 
Cent. 
ent. 


Che dilatometer used was that described in previou 
special furnace was used at slow rates of heating, in or 
without 
This furnace had about three-quarte: 

of calcined infusorial earth between the quartz tube ot 
eter and the nickel tube on which the heating element wa 

Of the various methods employed for the study 

eeneral most 
definitely interpretated, particularly when studied in conju 
l‘or example, 
ig, 
in length on heating, which begins at about 650 degrees C 
degrees Fahr.) and ends at 770 degrees Cent. (1420 degr 
marks the transformation from the body-centered alp! 
Indeed, the ditt 
eth observed dilatometrically when this alloy is in th 
when it is in the gamma state, 1s within experimental errot 
\-1ay 


he difference in thermal expansion of the alloy when in 


due allowance 


Krom 770 to 935 
(1420-1715 degrees Fahr.) (and higher) the alloy 1s 
and so remains on cooling until 405 degrees Cent. 
ahr.) is reached when there begins a sudden increas 
corresponding to the gamma to alpha transformation. 


specimen is somewhat shorter after taking through the he 


lron, 


Binary 


“Alloys 


lron- Manganese 
 p 








He iting Curves Or +.4 Per Cent Manganese Alloy 
Heating Curves for 7.2 Per Cent Manganese Alloy 


cycle shown in Fig. 1 may be due to some or all of the fol 


a) incomplete transformation of gamma to alpha. 

(b) relief of strains due to forging or machining. 

(c) plasticity of the alloy or the quartz of the dilatometer 
bove the temperature of transformation. 

(d) adjustment of the, specimen with respect to the ap 
iratus. 

(e) extreme plasticity associated with the alpha-gamma 
nstormations. 


heating curve for the 20.4 per cent (A, Fig. 6) shows that 
egrees Cent. (355 degrees Fahr.) the specimen underwent 
nerease in length. This indicates a transformation of epsilon 


re voluminous phase, gamma, since these are the two phases 


in the 20.4 per cent manganese alloy. On cooling, this alloy 


decrease in length beginning at about 80 degrees Cent., the 
the decomposition ot gamma to epsilon. The decrease in 
this alloy due to the formation of epsilon is 0.28 per cent. 


easurements indicate that if the transformation were com- 
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Fig. 3--Heating Curves for 10.4 Per Cent Manganese All 
Fig. 4 —-Heating Curves for 13.1 Per Cent Manganese All 








plete, the ditference in length would be 0.68 per cent 
















epsilon transformation is only 41 per cent complete. 





IeFFECT OF HETEROGENEITY 





It is generally recognized that the alloys of iron and mang 
are often heterogeneous. The atomic radii of these two metals 
nearly the same and diffusion does not occur at as high a 

does in the case of iron and carbon, where the carbon atom is s! 
In comparison with the iron atom. Hence it is necessary to h 
alloys for a long time near the solidus to bring about a marked 
provement in homogeneity. Comparing the 4.4 and 7.2 per cen 
manganese alloys as forged and as homogenized (Figs. | and - 
the alpha to gamma and gamma to alpha transformations are « 
pleted in a more limited temperature range when the alloys have i 
homogenized. However, if the homogenized alloys are heated 
slowly, the range of temperature over which the transformations 


cur is greater than for the as forged alloys at moderate heatin 
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amount of alpha involved in the transformation 1n_ the 
ed 10.4-per cent alloy is much greater than in the forged 
3). When subsequent runs were made on the forged 


wed larger amounts of alpha as is indicated by the cool 


i3.l-per cent forged alloy (lig. +) showed little alpha pres 
the first heating, though more was observed on subsequent 
he homogenized specimen which was slowly cooled from 


rees Cent. (2420 degrees Fahr.) showed less alpha than 


genized specimen quenched from 900 degrees Cent. (1650 


ahr.). That less alpha was found on slow cooling from 
ees Cent. (16050 degrees Fahr.) than on quenching trom 
temperature is probably due to the time of homogenizing 
in to the rate of cooling from 900 degrees Cent. (1650 
ahr.). The quenched specimen was homogenized for 


rs while the furnace-cooled specimen was given only five 


psilon present in the specimens at room temperature was 
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about the same as in the alloy as forged. Some gam 

in the 13-per cent alloy regardless of the treatment. 
lor the homogenized 16.0 and 20.4-per cent all 

and 6) only the gamma-epsilon transformation is ol 


lor these compositions the narrowing | 


tometrically. 


formation ranges due to homogenizing is quite marked 


to gamma transformation of the homogenized 16-pe1 


+ 


+ 


29.2%Mn 


+ 


1% Elongation 


25.8 %Mn 


200 400 600 800 1000 
lempersture, °C 


Fig. 7 Heating Curves for 
\Mlanganese Alloy 


practically completed within 10 degrees Cent., while in 
specimen (curve A) it is spread over a hundred degrees o1 
ot heating and cooling appear to have little effect on the t1 
tion range of the epsilon, although a slow rate serves to s! 
transformation somewhat. The forged 16-per cent alloy 
per cent epsilon, while 50 per cent of the homogenized 
volved in the transformation. The observations on the hi 
alloys indicate that the temperature of the epsilon to 


formation is lowered with increasing manganese. 
EFrrect oF Cotp Work 


The study of the effect of cold work upon the transf 





loys was suggested by the theory advanced by 


<pl 
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) } \ 





OF IRON, 


WANGANESI! 


ed phase, epsilon, does not go to completion. 





827 


Howard 


iin why the transformation of gamma to the hexagonal 


lf a trans 


of gamma to the denser phase epsilon remains incomplete 


pressure is reheved through the formation of epsilon, 


ipplication of pressure should increase the amount formed. 


his hypothesis the specimens (referred to as “cold-worked” ) 


a permanent reduction in length of 5 per cent in a testing 


] 


rif 
I 


l-worked 20.4-per cent alloy (Fig. 6) showed on the first 


n increase 1n length of 0.65 to 0.70 per cent. 


This length 


indicates that the alloy had been completely transformed to 


This transformation was, however, not quite complete in 


{ the 16.0 per cent alloy (lig. 5) and another cold-worked 


eave an indication of the presence of a small amount of 


(he curve shown for the 16.0-per cent alloy is for a sample 


had 
AU 


7 


Made, 


bee 1) 


cold-worke¢ 


| tive months 


before the 


observations 


venty per cent ot epsilon was formed by cold working the 


cent alloy (Fig. 7), 


a forged specimen. 


though only 


12 per cent 


was observ 


No epsilon is detectable dilatometrically 


29.2-per cent alloy and cold work evoked only 17 per cent. 


(he cold-worked 13.1-per cent specimen (Fig. 4) does not have 


ore epsilon than the forged alloy, unless it is assumed that 


rmal expansion above 350 degrees Cent. 


(6600 degrees 


is due to the epsilon to gamma transformation, rather than 


mation, in this temperature range of alpha from the 


] 
1) 


y cold work. 


temperature. 


\t least half the as forged alloy is 


Pamma 


gamma 


work has disturbed the alpha to gamma transformation of 


-per cent alloy (Fig. 


) 


), lowering the temperature at which 


sformation begins and raising slightly the temperature at 


1S completed. 


The effects of cold work on the transforma- 


the iron-manganese alloys may be due either to plastic def- 


ll or to stress. 


’}a volume stress. 


cott, 
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The effect 
transformation 


ig. 1. 


695 degrees Cent. 


to shorten. 


vrees Cent. (1420 degrees ‘ahr. ), 


creased, 


ot 
ot 










RATE OF HE 


a slow rate of 


the 


The rate of the alpha expansion falls 


ATING 


heating on the 


{ 


alph 


i 


t.4-per cent manganese alloys 


OI at 


(1110 and 1285 degrees Kahr.) the 


th 


e rate of 


\Ithough the heating rate was kept uniforn 
gamma f 


The transformation 1s completed at a slightly 


perature than when the alloy is taken through the tra 


range rapidly. 


(On cooling, the 


a 
~ « 


Li 


aia to alpha transtort 


completed until the temperature is less than 200 degrees 


after a rapid heating through the alpha to gamma rang 


tically complete at 400 degrees Cent. (750 degrees Fahi 


1 


HLleating at a slow rate affects the alpha to gamma ti 


tion of the 7.2-per cent manganese alloy similarly, but 


(big. 


degree. 


) 


Ra 


\lthough less alpha is transformed 


the 10.4 and 13.1-per cent alloys, yet the temperature ran 


( 





than in the case of the 4.4-per cent and 7.2-per cent alloy 


the same rate of heating. 
a minute is a rapid rate of 
is a slow rate tor 10 per cent. 
gins to form is lowered by slow heating because time is give 
mation of grains high enough in manganese to transform 
at the lower temperature. 
transformation at 770 degrees Cent. (1420 degrees [ahi 
1.4-per cent manganese alloy at a slow rate of heating probab! 


the limit of the temperature at which the nascent 


vanese from the 


a similar break 


the following: 
1) The 


untransformed alpha. 


lt 1S possi 
heating 


‘The 


SUMMARY 


ble that while 25 de 
for 7 per cent m 
temperature at whicl 


co 
~, « 


cooling is increased by a slow heating rate. 


) 


Ulla 





The discontinuity in the alpha 


) ‘That the alloys are rendered more homogeneous 


several hours at temperatures near the solidus is indicate 


it Z1O degrees Cent. (1310 degrees Fahi 


i] 


alpha-gamma_ transformation range on hi 


tT 
‘ 


The 7.2-per cent all 


10.4 per cent alloy at 630 degrees Cent. (1165 degrees Fal 


Dilatometric observations on binary iron-manganese all 
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both the alpha-gamma and the epsilon-gamma transforma 


allovs containing 16 to 30 per cent manganese the 


the epsilon phase is increased by deformation and_ the 


nis substantially complete in the 20-per cent alloys 





ALLOYS OF IRON, MANGANESE AND CARBON—]I rViy 
Influence of Carbon on Thirteen Per Cent Mangan 
By Cyrit WELLS AND FRANCIS M. WALTERS. 


Abstract 


[he work reported im this paper ts part of a 
prehensive investigation of the pure alloys of tron, 
ganese and carbon. The thirteen per cent man 
section of the ternary phase diagram has been dete 
by the examination of specimens brought to substa 
equilibrium at crucial temperatures. It was found 
a soak of at least eight hours near the solidus was 
sary to bring about a satisfactory distribution of 
ganese in the forged alloys. Epsilon as well as 
mas found as a low temperature decomposition pri 


Hl phase diagram given in Fig. 1 is the cross secti 
2, iron-carbon-manganese system for thirteen per « 
ganese. In its determination were used the very pure all 
pared from distilled manganese and vacuum melted electrolyti 

\bove ABC there exists only one phase, the gamma solid 
tion containing iron, manganese and carbon (austenite). 

1s line CB is crossed on cooling, carbides are separated 
region CBE. 

In the region CBE there are two phases, gamma solid sol 
and carbides. The carbides occurring in iron-manganese all 
taining about 1 per cent carbon and between 5 and 13.4 | 
manganese, when separated and analyzed, have been found 
tain about 7 per cent carbon and 22 per cent manganese.’ [1 
cementite found in iron-manganese alloys, manganese atoms rep! 
iron atoms, at least up to 22 per cent. Whether the manganese cat 
hides, Mn, >and Mn.,¢ ‘a, occur in the 13 per cent alloys is not 
li the carbides contain a higher percentage of manganese th 


alloy as a whole, then the matrix will contain a lower perc 
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rmed by the thermal analysis of the carbon alloys which 


her transformation temperature than the low carbon 
an 


carbides which separate as the alloys are cooled through 


CBE impoverish the remaining solid solution in man 


}] 


as in carbon, the alpha to gamma transformation, 


ve 


the line BE, is raised as the carbon increases. 


ising of the line DB with increasing carbon content shows 


4 y 


f° ny Tay 
Ce/7E LCESDO 
Cent Manganese 
Iron, Manganese 


1 


the line AB is crossed on cooling, the gamma remaining ¢ 


iration of alpha is enriched in carbon and manganese. 


oling just below the line BE, the three phases, alpha, 


nd carbides, exist in equilibrium. Cooling further sep 
re alpha and carbide phases until, finally, all the gamma 
sed, as indicated by the line FG. This line has not been 
experimentally, but is drawn in to indicate that, at some 
the gamma solid solution becomes unstable. Below 
table phases are alpha solid solution and carbides. 
ng below BD, from the region ABD, carbides are sepa 
ddition to the alpha constituent, and, finally, the line FG 
pproached where the last gamma disappears. The point 
s the composition of the pearlite which forms at that 
When an alloy of eutectoid composition is held just 
utectoid temperature only a limited amount of the gamma 
on can transform to pearlite, since formation of this 
rs the composition of the remaining gamma, and hence 


iture at which it transforms to pearlite.* Accordingly, 


oak uvdiete Ge euiathits aad demmsaith 1y one phase 
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pearlite, which is formed in the course of a slow coo 
the three phase region has a variable composition. — [1 
tion may be noted the difference in the structure ot} 
formed during an extremely slow cooling (Fig. 3) and 


ty 


in the same alloy on holding at a constant. temperatt 














psilor rat the 
these Alloy 
(Curves 


mamma Transformations Allovs Cold-worked 
,() Dew 


t Furt 


Indicate Thermal Disurl 


{ 
hammering), were Soaked 56 Hours at 
Cooled in 12 Hours; Heated in Gradtie1 
Minute 
I 


ranstormati 


KF, Note the Raised Alpha te (,amma 
arbides Before Making Thermal 
Carbon was Furnace ( 


emperature 


Curve 
wus Separation ot ¢ 
Containing 1.57 per cent 
Time from 980 Deerees Cent. to Room 1 


just under the line Ble. A further illustration of this 1s 


when a slowly cooled specimen is heated to a temperat 


the three phase region. Only part of the pearlite transtor 
that toward the edge. (Fig. 5.) 


The proportions and compositions of the phases in 


three phase region are tixed hy the temperature, because each ot the thi 
saturated with the three components However, since 
temperature, both the quantities and compositio 


the solubility 


vary with 
] 
ingly, as the temperature is changed 








wat 


12.0 Per Cent Manganese 1.09 Per Cent Carbon Three 
Cool from 980 Degrees Cent Etchant, Sodium Picrate O00 
Pearlite and Excess Carbides at the Grain Boundary Note the 
Structure, Especially at the Edges of the Pearlite 
+—12.0 Per Cent Manganese 1.09 Per Cent Carbon Held 67 
600 Degrees Cent Etchant, Sodium Picrate 000 Shows 
Excess Carbides in Grain Boundaries, and Carbides in the Cleavage 
Giving a Needle-Like Constituent 
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Fig. 5—12.8 Per Cent Manganese. 0.46 Per Cent Carbon. Week’s 
Degrees Cent. (Reheated to 600 Degrees Cent. for Half an Hour). Etchant 
rate < 2000. Note the Disappearing Fringe at the Edge of the Pearlité 
Pearlite has Remained Unchanged. 

Fig. 6—13.0 Per Cent Manganese. 1.57 Per Cent Carbon. Forged Et 
Picrate. < 250. Note the Evidence for Dendritic Segregation. 

Fig. 7—13.0 Per Cent Manganese. 1.57 Per Cent Carbon. Homogt 
Degrees Cent. for 12 Hours, Quenched 1100 Degrees Cent., Reheated 
Cent., Held Two Hours. Quenched. Reheated to 700 Degrees Cent., Held 
Quenched. Etchant, Sodium Picrate. 250. Shows an Even Distributi 
Due to the Homogenizing Treatment. Note the Spheroidized Carbides 


Which Were Formerly Lamellar Pearlite 
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regions are unknown, but even if they are known, they 

be represented on the diagram shown in Fig. 1, since it 
seudo-binary plane. 

assumed that the only equilibrium phases below the line 

pha and carbides. It must be pointed out, however, that 

linary conditions whenever the gamma phase is low enough 

it transforms on cooling to epsilon as well as to alpha. 

arison between this diagram, based on the pure alloys and 

ntly published for alloys of commercial purity,” shows gen- 

reement. Considerable differences in the carbide solubility 

were noticed. 
IK.XPERIMENTAL PROCEDURE 
[he alloys used to determine the diagram shown in Fig. 1, were 
lted under argon. Distilled manganese and vacuum melted elec 


lvtic iron were used in their preparation and they contain only 


3 


Table I 

Carbon Manganese Homogenizing 

Per cent Per cent Degrees Cent. Hours 
0.03 i L325 5 
0.24 13.2 1325 5 and 12 
0.46 12.8 1250 5 and 12 
0.82 3.2 1250 5 and 12 
1.09 12.0 1150 5 
1.27 3.0 1150 5 and 12 
1.57 13.0 1150 12 


[he ingots, approximately 3.5 inches in diameter, were forged 
to rods about one-half or five-eighths of an inch in diameter, giv- 
i reduction of from 90 to 97 per cent. For crucial experiments, 
lorged alloys were given a thorough homogenizing treatment 
lable 1). To minimize any change of chemical composition, due 
xidation or demanganization, the heating was carried out in 
fied helium at atmospheric pressure. 
the homogenizing treatment given was successful in re- 
the heterogeneity of the alloy as forged was indicated in two 
ys he epsilon to gamma transformation range in the 16 per 
Jain, E. S. Davenport and W. S. N. Waring. “The Equilibrium Diagram of 


Carbon Alloys of Commercial Purity.’”’ Technical Publication No. 467 
titute of Mining and Metallurgical Engineers, Fig. 8. page 13 


ters, Jr., “Alloys of Iron, Manganese and Carbon. Part I.’ TRANSACTIONS, 
ety tor Steel Treating, Vol. XIX, 1932, p. 577. 
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cent carbon alloy was reduced from 100 
in the torged alloys to 10 degrees Cent. after homo 
In the case of the allovs containing carbon. the WMiprove 
ynogeneity is indicated by the uniformity of the carbide 
The dendritic segregation shown in Fie. 6 has been 
wed by the treatment given (Fig. 7). Since the higher 
content of the carbides makes it probable that the carbon 
rated in the manganese-rich areas, such a distribution of 
that shown in Fig. Z may be taken as evidence of a 
ry distribution of manganese as well 
hours was found to be imsuthcient to brine about homo 
the alloy containing O.46 per cent carbon, but twelve hours 
ficient to remove all but a tew traces of especially persistent 
neity 
high temperature treatment in helium, the surface 
or no indication of oxidation. A comparison of the 
listribution at the center (lig. 7) and at the outside of a 
lio, &) indicates that very little decarburization had oc 
ring homogenizing. However, a low carbon 16 per cent 
nese specimen which had been homogenized showed to a depth 
OS of an inch a structure which was suggestive of loss of 
lhe structure of the inside of the sample (Fig. 9) is 
but the structure observed near the outside (Fig. 10) 


it lower manganese content. 


DETERMINATION OF CARBIDE Sol 


letermine the temperature ‘at which all the carbon goes into 


ic alloys were given a heat treatment which would eive 
ut the alloy a uniform distribution of carbides of a rather 
size. By thus limiting the amount of diffusion neces 
solution of the carbides, the time required to attain 
1um should be decreased. 
homogenized alloys which had been furnace cooled were 
acuo at 1050 degrees Cent. (1920 degrees Fahr.) for 30 
secure a umform distribution of carbon and then quenched. 
vs were then reheated to 500 degrees Cent. (930 degrees 
nd held long enough to precipitate carbides of a width less 


) 
y) 


- millimeters. The 1.57 and 1.27 per cent carbon alloys 


Walt r.. “Alloys of Iron, Manganese and Carbon. Part VI. 1 


the Bina: 
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were held for twenty minutes, the 1.09 and 0.82 for 
the 0.46 for twelve hours. To produce visible carbides 
per cent carbon alloy it was necessary to cold work the s; 
it in liquid nitrogen and soak for a week at 550 degrees | 
degrees Fahr.). In spite of having taken more than 
micrographs, when the time came for writing this pap: 
typical photomicrograph that could be found to show the 
and particle size of the carbides was the one shown in |] 
The specimens with the controlled carbide precipitatio: 
for two hours at temperatures near those at which th 
completely soluble. A thermocouple inserted in a saw 
specimen served a double purpose: it indicated the tem 
the sample (in which variation of temperature was less tl 
minus 5 degrees Cent.) and it also served as a means of hai 
sample, so the time required to get the samples from th 
and into the water was of the order of one second and the temperat 
drop only two or three degrees. The results of the quenchin 


eX] 


ments for the determination of the line BC are given in Tabl 


Table Il 


Temp. at which Ts 
Carbon Manganese Time at carbides are 
Per cent Per cent Temp. Hrs present °C 
0.24 2 2 565 
0.46 8 ) 675 
) 


0.82 ; 


UY .U 
) 


2 > 


l 
l 
l 


/ 0. “ 


57 3.0 2 


For the final determination of the line BC, the samples wet 
in two and the cut surface examined. 


Upper LIMIT OF THE ALPHA PHASE 


The criterion for the determination of the temperatur 
upper limit of the alpha phase was whether or not pear! 
formed in a partially decomposed specimen. This method was | 
applicable to alloys which contained less than 0.46 per cent car 
and in the case of the 0.03 per cent carbon alloy, the disap 
of alpha was determined dilatometrically. In preparation for soa! 
at crucial temperatures homogenized specimens of the alloys 
heated in vacuo to 1050 degrees Cent. and cooled to 750 d 


Cent. in six hours, and quenched. This treatment preci 
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bides and permitted some diffusion to occur, especially 
carbon alloys. The specimens were reduced 7 or 8 per 
in a testing machine, to accelerate the reactions in tl 


soaking. These specimens, which were about half an incl 


and an inch and a quarter long, were cut into five parts 


of each alloy was inserted in a pyrex tube which y 

after evacuation. Sets of the specimens were soaked 
at 600, 625, 650, 675, and 700 degrees Cent. The temper 
tion was less than plus or minus 5 degrees Cent. The spx 
quenched from the scaking temperatures, cut in two an 
for pearlite. In general, the pearlite formed by this tr 
of the lamellar type and well defined when sodium picra 
as the etchant (Fig. 12). However, in one or two ¢ 
necessary to use 4+ per cent nital in conjunction with 


picrate. The results are given in Table III. 


Table Ill 


\langane S¢ 


Per cent 


} 


he upper limit for alpha in the 0.24 per cent carbon all 


been determined. 
LYECOMPOSITION PRODUCTS OF THE GAMMA PH 


When the gamma phase in the 13 per cent alloys is low 
in carbon, it has two possible products of decomposition, 
epsilon. Alpha is body-centered cubic and epsilon, hexa; 
packed. The volume per lattice point is greatest for alpha 
for epsilon so that the decomposition of gamma to alpha ts 
panied by an increase in volume but the decomposition to eps 
sults in a decrease in volume. 

The gamma to alpha transformation temperature of th 
alloys decreases rapidly with the addition of manganese: 13 
manganese depresses it to about 100 degrees Cent. and 
manganese content is 16 per cent the transformation does 
even at the temperature of liquid nitrogen. The temperatu 


reverse transformation alpha to gamma, is affected less, 
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the 13 per cent alloy being complete at 6240 degrees 
85 degrees Fahr.). This transtormation is characterized 
degree of hysteresis. 


is found in the binary alloys containing ten to thirty 


manganese. With sixteen per cent or more manganese it 








Per Cent Manganes 0.03 Per Cent Carbor Furnace 


T ¢ 
m 900 Degrees Cent Etchant, 4 Per Cent Nital 0 Phe 
s Very Complex Due to the Presence of all Three Phases, Gamma, 
Epsilon There is Some Trace of the Widmanstatten Patter 
the Higher Manganese Alloys, in Which Only the Giamma_ to 
Transformation is Involved 


predominant decomposition product of gamma; in the ten 
alloy it is only a minor constituent. However, 1n the thirteen 
manganese alloy alpha and epsilon are of about equal 
tance. In this alloy the gamma to epsilon transformation occurs 
150 degrees Cent. and the epsilon to gamma at 250 degrees 
thus the hysteresis associated with the epsilon transformation 
order of 100 degrees Cent. compared with 500 degrees Cent. 
el t se of the alpha transformation. 
transformation of gamma to epsilon is incomplete under 
conditions and when no alpha is formed a clearly defined 
statten pattern is formed (Fig. 13). In the case of the 


low carbon thirteen per cent manganese alloy, epsilon 
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15.1% Mn, 0.0F %C. 
+ + > 
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1% Elongetion 








Jempereture, °C 


Fig. 15—13.1 per cent Manganese, 0.03 per cent Carbon “‘as-forg 
' > i 

Cooling Rate 10 Degrees Cent. per Minute. 
Fig. 16—13.2 per cent Manganese, 0.24 per cent Carbon ‘“‘as-f 


Cooling Rate 10 Degrees Cent. per Minute 





















begins to form on cooling at about 120 degrees Cent., and the ¢ 
to alpha transformation at about 80 degrees Cent., the ty 
formations then proceeding simultaneously to room temperat 
Consequently, the structure of the low carbon thirteen per cent 
shows evidence of both epsilon and alpha transformations 

tig. 13 where only gamma-epsilon change occurs with Fig 
both changes occur simultaneously ). 

No etching reagent has been found by means of which e¢ 
and alpha grains may be differentiated. Since epsilon transi 
to gamma below 300 degrees Cent., grain growth is very 
the probability of discovering such an etchant seems remot 

Kpsilon has been considered by some investigators 
transition phase; but there are several reasons for believins 
stable: 

(1) The high reversibility of the transformation 11 

carbon alloys 

(2) Epsilon has a smaller volume than the other iron-1 
phases 
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FUL 
lemperature, °C. 

l cent Manganese, 

50 Degrees Cent., Furnace-c 

iked for Cwe Weeks at 50 Degrees Cent 

I lwo Weeks at 550 Degrees Cent. 

3.2 per cent Manganese, 0.82 per cent Carbor 


Furnace-cooled ) Cold-worked and 
and Cooling 


0.46 pet 


ooied), 


oS pe 


Cent 
Heating 


Rate 10 Degrees Ce 


No unambiguous evidence has been obtained to show that 


alpha can be formed from epsilon or epsilon from alpha. 
the gamma 


1 


silon is stable and forms directly from gamma 
transformation differs from the gamma-martensite-alpha 
rmations in that the former give no intermediate unstable 


uent, as does the latter. 

effect of carbon on the alpha-gamma and the epsilon-gamma 
rmations is to increase the hysteresis observed «t moderate 
t heating and cooling. The presence of carbon decreases thi 
s of both alpha and epsilon formed and about 0.50 per cent 


nis sufficient to suppress the transformations. 


\TOMETRIC OBSERVATIONS OF GAMMA DECOMPOSITION 


ile the formation of epsilon cannot be observed microscop! 


can be studied dilatometrically, because of the volume changes 
in its transformation. In comparison with the 0.03 per cent 
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Fig 19 12.0 per cent Manganese, 1.09 per cent Carbon Hlon 
Hours at 1150 Degrees Cent. and Furnace-cooled ) Cold-worked, Soak« 
at 550 Degrees Cent lieating and Cooling Rate 10 Degrees Cent. per M 

Fig. 20-—12.0 per cent Manganese, 1.09 per cent Carbor H 
ABC after Soaking Two Weeks at 550 Degrees Cent Curve DEI 
Soak at 1) Degrees Cent 

























carbon alloy, in the 0.24 per cent carbon alloy as forged, 1 
of epsilon formed is less and the temperature at which it 
form is lower (Figs. 15 and 16). The epsilon transformatior 
observable in the 0.46 per cent alloy, when heated and ¢ 
10 degrees Cent. a minute. Such observations as these indi 
gamma transforms to epsilon only when low in carbot 
lowers the gamma to alpha transformation and reduces th 
of alpha formed at moderate rates of heating and coolins 
carbon content greater than 0.80 per cent, dilatometric observa 
heating and cooling rates of 10 degrees Cent. a minute sh 
due to carbon going into and coming out of solution. When 
bides were precipitated by various methods, large amounts of eps 
were formed in the low carbon alloys but low temperati 
formations were scarcely observable in the high carbon all 

for example, when the 0.46 per cent carbon alloy 


worked and soaked for two weeks at 550 degrees Cent 


J ) ‘ } f >” 4° 
[RON, M G iN | BON $45 


/ 


on cooling to room temperature, about thirty per cent 
y transformed to epsilon and some alpha was formed as 


va? The specimen was heated to 850 degrees Cent. but 
ld long enough for much diffusion of carbon to occur and 
t ot epsilon formed on cooling was cecreased. Heating to 
ees Cent. and cooling immediately permitted enough carbon 
so that on cooling very little epsilon appeared. With addi- 
king as much as forty-five per cent of epsilon was formed 


(Fig. 17 A). 


: wt carbon alloy when cold-worked and soaked 


O82 per cet 
lays at 550 degrees Cent. (1020 degrees Fahr.) formed only 

cent epsilon and the 1.09 per cent alloy showed only the 
indication of epsilon after cold working and soaking for 

at 550 degrees Cent. (Figs. 18 and 19). Slight amounts 
also were tormed when these soaked alloys were cooled to 
20). The small amount of low 


(1) 


nough temperature. (Fig. 
11 decomposition may be due to the following causes: 


itions of time and temperature were not such as to bring 


sufficiently complete separation of carbon from the gamma 


-) the manganese taken by the carbides left the gamma 


o low in manganese to permit the formation of epsilon. 


pecimen of the 1.57 per cent carbon alloy was examined by 


room temperature after it had been cold-worked and soaked 


weeks at 550 degrees Cent. (1020 degrees Fahr.). It was 


almost all of the gamma phase had transformed to alpha 
icles. 


SUMMARY 


section of the ternary iron-manganese-carbon system has 
determined at substantial equilibrium for pure alloys containing 
per cent manganese and varying carbon. 
\iter the separation of carbides by cold working and soaking, 
ma remaining transformed principally to epsilon on cooling. 
unt of gamma decomposed below the soaking temperatures 


with increase in the carbon content. 
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Influence of Carbon on Ten Per Cent Manganese 







By Joun F. Ecket ann V. N. Krivopox 
Abstract 


[he work, as presented in this paper, deals wit} 
alloys containing iron, 10 per cent manganese, and 
the latter varying from 0.01 to 1.4 per cent. Thes. 
represent the 10 per cent manganese section of thi 
manganese-carbon ternary system investigated at Ca 
Institute of Technology, Pittsburgh. 

The phase diagram, at substantial equilibriw 
determined and 1s included in the paper. The pl 
present are gamma solid solution, alpha solid solutioi 
carbides. The epsilon phase found in some alloys in s 
amounts is not included in the phase diagram. 
methods used for the determination of boundary 
for various fields are described. In addition, the , 
contains extra diagrams showing the influence of com 
tion and previous heat treatment on the decompositio1 
gamma phase. No mechanical properties have as yet 
determined, but the summary of variation in ha) 
brought about by different treatments 1s included. 

















INTRODUCTION 


P ‘HE work presented in this paper comprises a part of the « 
prehensive study of high purity alloys of iron, manganese ai 


carbon. The precautions taken to insure the purity of the n 









used in this investigation have already been described.’ A series 
10 per cent manganese alloys (with variable carbon content 


prepared from vacuum melted electrolytic iron and distilled 





nese. They were melted in an induction furnace under purifi 

















*This paper was condensed from a thesis submitted by John F. Eck 
of Engineering of the Carnegie Institute of Technology in partial fulfillment 
ments for the degree of Doctor ol Science, Pittsburgh, June, 1932. 














ir M Walters, Jr., “‘The Alloys of Iron, Manganese and Carbot P 


inga 


n of the Alloys,’ Transactions, American Society for Steel Treating, \ 








\ paper presented before the Fourteenth Annual Convention « 
held in Buffalo, October 3 to 7, 1932. John F. Eckel is at present 
with the Gulf Refining Co., Pittsburgh. Manuscript received Jun 
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heric pressure. Such impurities as suiphur, phosphorus and 
ere present in amounts so small that they could not be 
by ordinary standard methods. 

alloys were allowed to solidify in the furnace and upon 
the ingots were removed and forged into rods, roughly halt 


diameter, a reduction of 90 to 95 per cent. 


Table I 
ren Per Cent Manganese Alloys and Chemical Compositions 
Manganese Homoget 
Per Cent lim 
Top Bottom Averag Hours 
10.30 10.44 
10 1 10.24 


10 
10.5 


which came fro 


Homogenizing Treatment 


render the forged alloys sufficiently homogeneous for precise 
nation of the various transformation temperatures, the forged 
vere held at temperatures near the solidus for about ten hours. 
vent the loss of carbon and manganese at the surface, the 
venizing treatment was carried out in purified helium at at 
ric pressure. The samples were cooled in the furnace to 
temperature in about ten hours. After this treatment the 
es of the bars were found to be completely free from oxidation 
fact quite bright) and microscopic examination revealed no de- 


ization. 


Dilatation 


the determination of the 10 per cent manganese section of the 


phase diagram, equilibrium was approached as nearly as 


\ preliminary study of the alloys by means of a simple 
ter yielded interesting information in regard to the manner 
the alloys decomposed. ‘!n general, the observations were 
heating and cooling rate of about 12 degrees Cent. a minute. 
e course of the dilatometric investigation, transformational 


tics were observed in the ternary alloys, which were dit 
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ferent from those observed in the binary alloys. Cu 
homogenized 0.29 per cent carbon alloys are similar to th 
with the 0.015 per cent carbon alloy which have alrea 


scribed in detail. \s should be expect ad, the temper: 


ul 
die 


—t+- 1% Elongation — 





200 400 600 800 1000 
Tempereture , °C. 


gamma to alpha transformation range is lowered by th 
carbon (cooling rate of 12 degrees Cent. per minute). | 
6 in Fig. 1 show a typical heating and cooling cycle durin 
gamma to alpha and alpha to gamma transformations oc 
some epsilon forms in 0.29 per cent carbon alloy is sho 


loop of curves 3 and 4. In curve 1 (first dilatometrt 


M. Walters. Jr., and M. Gensamer, ‘‘Alloys of lron-Manganese-( 


Study of 1-Manganese Binary Alloys TRANSA \ 


lrot 
Vol. XIX, 1932, p. 607 





LOYS OF IRON, MANGANESE AND CARBON 849 


ing) the expansion observed probably indicates further 
f alpha, accompanied by some epsilon to gamma trans 
the latter occurring over the same temperature range. 
it half of the gamma to alpha transformation takes place 


mi temperature, it 1s not surprising that incomplete decom 





Fig. 2—-Photomicrograph of a Homogenized Specimen of the 


Per Cent Carbon Alloy. Note the Partial Decomposition of the 
ima Phase. Etched with 4 Per Cent Nital. <K 290. 


of the gamma phase is observed in a specimen cooled only to 
temperature. Widmanstatten patterns (Fig. 2) displaying in- 
decomposition are then observed unless decomposition is 
to proceed very slowly. Structures of this type have been 
din the binary alloys containing 16 to 30 per cent manganese.* 


the usual rate of cooling, the beginning of the gamma to alpha 


rmation in the forged 0.49 per cent carbon alloy is depressed 


»~ 
y™ 


<9 degrees Cent., by the increase in carbon content. Conse- 
samples of this alloy cooled to room temperature without 
separation of carbides show only incipient decomposition. 


Krivobok and Cyril Wells, ‘“‘Alloys of Iron, Manganese and Carbon—Part V. 
‘tudies of Binary Iron-Manganese Alloys.’ 





























































































































850 


degrees Fahr.), 





LRANSA( 


\fter heating the same alloy for 16 hours at 550 degrees 


FIONS 














Ok THI 


sufficient separation of carbides took 


the gamma to alpha transformation, with a consequent fi 


loop similar to those of the low carbon alloys. Above 


evamma transformation, a second smaller loop appears 


of the re-solution of precipitated carbides.* 


With a carbon content of 0.76 per cent, the start o 


to alpha transformation is lowered to about —90 degrees 


forged alloy : 


No discontinuities in the dilatometric cur 


of phase changes are observed when a specimen of this al 


to 1000 degrees Cent. 


) 


(1830 degrees Fahr.) and coo 


temperature at the rate of 12 degrees Cent. per minut 


if the specimen is held at 490 degrees Cent. (915 degrees 


16 hours, definite decomposition occurs, resulting in thi 


of some alpha. 


After decomposition at 490 degrees Cent 


Tees Fahr.) for 16 hours, distinct decomposition occul 


formation of some alpha takes place on cooling. Thi 


alpha transformation observed on cooling after decomposit 


degrees Cent. occurred at a higher temperature than in the | 


cent carbon alloy. Under the 


same conditions of heat 


this transformation in the 0.70 per cent carbon alloy mig! 


pected to occur at a lower temperature than in the 0.49 


carbon alloy decomposed at 550 degrees Cent. (1020 degrees 


This type of behavior clearly demonstrates the change of s 


of carbides with temperature, and also the dependence of 


formation temperature of the residual gamma (in the hype 


alloys) upon its carbon content. 


Dilatometric curves typical of the higher carbon alloys 


1.37 per cent carbon) are shown in Fig. 3. Curves 11 and 


einning at J] and ending at I.) show the type of loop obtain 
: : P > o 


a sample is heated to 1000 degrees Cent. and air-quenched 


carbon in solution in the gamma phase. The hysteresis of su 


is the result of a definite expansion occurring as carbon Is 


When a specimen (in the air-quenched condition) 1s heat 


degrees Cent. and maintained at that temperature for s 


(curve 13, Kk to L.) a definite decomposition is observed: 


ticular case, the decomposition consists mostly of the prec] 


*Carbide precipitation 1s accompanied by a decrease in volume, 
density of cementite. X-ray measurements show that upon the precipitat 
the gamma lattice shrinks sufficiently to account for the observed volume 





1 








ey 





101) 


lt 


e of the gamma to alpha transformation, beginning a 
it. 


op of curves 15 and 16. 


} 


5 





QO] 


IRON, 


is indicated by 


may 


“py 





in Fk 


be 


a 
ig. 


( ybser 


> 
I 





C 


e 


1 
i 


~1% Elongation 


io 
a | 


cent 


+ 


+ 


200 400 
Tempereture, °C. 
Dilatation of a Homogenized 





MANGANES! 


a contraction. 


ved which 


indicates 


If heating 1s cor 


the 


formation 





tinued 


Ol 


is of particular interest to note that the decomposition 


Was apparently sufficient to pernut the 





t + 


10.4 %Mn,1.25%C 


| 
T 


Carbon Alloy. 


600 






t about 


The formation of some epsilon is shown by th 


17, the sequel to curve 16, has been raised in the figure 


vay that M and P represent the same point. 





The alpha 

























to gamma transformation occurs just below 700 degre 


partially masked by the solution of carbon in the ; 


] 
| 
i 


gamma lattice. Above 700 degrees Cent., the usual car] 


loop is formed between curves 17 and 18. 
“Spontaneous” Transformation of 


The temperature at which the gamma phase transf 
3 


depends upon the rate of cooling. The rate of 12 d 


minute used in the dilatometric work is a convenient rat 


ig. 4 
n 


] per < t 


was Observ 
Between A 


observations and corresponds to a rapid “furnace cool.” 
tions which occur at this rate of cooling are here ter 
taneous.” 

The effect of carbon on the “spontaneous” formation o1 
phase is given here for the alloys as forged and as homogt 
after holding near 500 degrees Cent. for several hours. 

The effect of carbon on the “spontaneous” transforn 
the 10 per cent alloys is shown in Fig. 4. With increasi 
the temperature at which gamma begins to transform to 
lowered from 160 degrees Cent. for the 0.015 per cent car! 


1 


to —80 degrees Cent. for the 0.76 per cent carbon alloy. 1 


*Alloys under investigation also contained the epsilor 
denser than gamma), but its amount is so small that 


constituent 





S OF IRON, MAN 


\ 


to gamma transtormation is com 


i 


o in ig. 4+ that within a narrow 
composition gamma solid solution constitutes the only phase 


apparent from the diagram 


ordinary temperatures, even when a relatively slow rate of 
employed. This range of composition hes approximately 
).OU per cent carbon and 1.0 per cent carbon. 
less than 0.60 per 
te 


In alloys con 
cent carbon the gamma phase partially 
» alpha at room temperature, while above 1 per cent 
ew phase (carbides) appears. However, carbide precipita- 
be prevented by an increased rat: 


of cooling. 


taneous Transformations of th 


Ale Homogenized llloys 


1 
Lt 


se of the selective mode of freezing, 1ron-manganese-carbon 


afflicted, to a greater or less extent, with heterogeneity. 


composition of a sample of an ailoy varies from point to 


e transformation temperatures are not characteristic of the 


ture of the he Are ........ is the most significant characteristi 
easily recognized and is practically independent of the rate of cooling 
A co mnily ( eratut 1 can be easily and readily 
1 Se nati of tron-Manganese All i 
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average composition, but of those regions which are hig 
in the added elements. 

Maintaining the alloys for several hours at temp 
the solidus (to approach more uniform distribution of 


brought about those changes in the “spontaneous” tr 


A ¢ 






f t y 4 ' 
to ~ 4 hectare O) ate) + 
10 Ys oaeeo | 





St 


















Per Cent Carbon 








Fig. 6—‘*Spontaneous’’ Transformations of the H 
mogenized 10 per cent Manganese Alloys after Soaking t 
Hypereutectoid Alloys Near 500 Degrees Cent oS 
taneous’ Transformations are Shown in All of the AI 


AB is Carbon Solubility Curve. 





which might reasonably be anticipated (Fig. 5). The addit 
creasing amounts of carbon lowers the temperature at 
gamma to alpha transformation begins more than in the cast 
as forged alloys. For example, complete retention of th 
phase at room temperature was observed at O.40 per cent 
contrasted with 0.00 per cent carbon in “as forged” mater 
alloys ot higher carbon content decomposition of the gamm: 
did not occur even at 190 degrees Cent. Dilatometricall) 
slight difference was observed in the temperatures of complet 
bide solubility in the alloys as forged and as homogenize 
high carbon alloys no “spontaneous” transformations in\ 
alpha phase were observable, but at a heating and cooling rat 
degrees Cent. per minute, changes in length were picked 

t600 and 1000 degrees Cent. (Fig. 5) which were caused 


cipitation and solution of carbides. Alloys which had beet 
gave definite indications of carbide precipitation between 40! 
degrees Cent. (on heating). Above this temperature the « 
i = dissolved. 


LOYS OF IRON, MANGANESE AND CARBON 

ntaneous’ Transformations after High Temperature 
Dec Olll hosition 
i 

the alloys which do not undergo a gamma to alpha trans 

at a cooling rate of 12 degrees Cent. per minute are held 
erature near 500 degrees Cent. for several hours the gamma 
rtially decomposes with the formation of primary carbides 

P 


lite. Pearlite formation is, of course, indicative of partial 


om gamina to alpha. Upon cooling, immediately following 


74 3 7 
Per Cent Carbon 


< 


Fig. 7 Percentage of Alpha Formed by ‘‘Spon 
taneous Gamma to Alpha Transformations Open 
Circles, without Previous Decomposition, Shaded 
Circles Aft 1 Decomposition Neat VOU) Dex 
( ent. 


rrees 


ie at 500 degrees Cent., further gamma to alpha transforma 
takes place within a certain temperature range, the limits of 
depend upon the degree of decomposition. (See Fig. 6). 
these alloys the carbides are known to contain as much as 


14 
117 
\ 


manganese,” carbide precipitation diminishes the manga 
iii 


it of the gamma matrix and, consequently, the temperature 


gamma to alpha transformation should be raised. All hyper 


| alloys investigated (with carbon as high as 1.37 per cent) 


“spontaneous” gamma to alpha transformation after they 
soaked near 500 degrees Cent. On reheating, the highest 
ture at which alpha is still present is independent of the 


ntent of the alloys. (Fig. 6). In the same figure the curv 


e. in those containing carbon above 0.35 to 0.40 per cent 


\rnold and A. A. Read, “Chemical and Mechanical Relations of Drawn 
Carbon Alloys,’ Journal, lron and Steel Institute, Vol. 38, 1910, p. 174-180 
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AB shows the temperatures of the complete solution 































observed dilatometrically. 





Amount of Alpha Formed in “Spontaneous” Trans} 


The approximate percentage of alpha formed on 
rate of which was 12 degrees Cent. per minute) is plott 
as a function of the carbon content. The data were 
temperatures as low as —192 degrees Cent. and are for 
enized alloys (a) with and (b) without decompositio: 
degrees Cent. 

The 0.015 per cent carbon alloy is only about 65 per « 
and of the remainder about ten per cent 1s epsilon. As thi 
ture is raised from that of liquid nitrogen a little alpha 
up to 400 degrees Cent., but about twenty per cent of the alloy 
as gamma at all temperatures of the heating and cooling cy 

The amount of alpha appearing in the 0.29 per cent car] 
is nearly the same as in the 0.015 per cent carbon alloy, 
amount rapidly diminishes as the carbon is increased to about | 
per cent (Fig. 7). Incidentally, it may be of interest t 
that the eutectoid point in the 10 per cent manganese alloys 
between 0.30 and 0.40 per cent carbon. 

After soaking the 0.49 per cent carbon alloy near 500 deg 
Cent., about 30 per cent of the sample transforms to alpha on cooli 
For the higher carbon alloys the amount of alpha formed is slight 
less. Of course, it 1s to be understood that the amount of 
formed also depends upon the time of soaking, although after a | 


hours the reaction slows down very considerably. 


Determination of Phase Diagram 


So far the discussion has dealt with the constitution of th 
per cent manganese alloys as determined by heating and cooling | 
too rapid to approach equilibrium conditions. By maintaining 
alloys near 500 degrees Cent. an indication is obtained as 
type of reactions which take place in the higher carbon alloys 
they approach equilibrium. When equilibrium is substantia 
tained the phase limits can be determined quite accuratel) 
method selected for the purpose was that of microscopic exai 
of samples which had been heated in vacuo to several tem 
and held sufficiently long to approach equilibrium. 





\ 


OF IRON, MANGANESE AND CARBOA 


Fig. 8—Photomicrograph of a Homogenized Specimen of the 0.76 
Cent Carbon Alloy, Slowly Cooled from 1030 to 700 Degrees Cent., 


enched, Reduced 5 Per Cent in Length by a Static Load, Heated One 
| 


Veek at 650 Degrees Cent. in Vacuo and Quenched. Note the Pearlitic 


icture. Etched with Sodium Picrate. 2000. 

Fig. 9—Photomicrograph of the 0.49 Per Cent Carbon Alloy, Heated 
Week at 560 Degrees Cent. and Furnace-Cooled, Showing a Pearliti 
ture and Decomposed Gamma. Etched with 4 Per Cent Nital 


UUOU 


rmination of the Temperature Limits of the Alpha Phase 


determining the stability limit of the alpha phase, the alloys 


ven special treatment to decrease the time required to approach 


rium at the various soaking temperatures. Homogenized speci- 


the hypereutectoid alloys were held at 1030 degrees Cent. 
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adopted. 

















at this 



































11). 














ot that range. 


temperatures. 


agglomerated. 





Ih 


amination. 


IN SA 





by means of a static load. 


austenite (gamma iron). 
rigs. 8 and 9). 


At the soaking temperatures of 625, 650, 675 and 70 


TIONS 


long enough for the carbides to go 


(‘ 





( )} 









~ 


/ / / / 


Ci pletely into s 


I, 


slowly cooled to 700 degrees Cent. to form pro-eutect 


rapidly quenched, and, finally, given a five per cent reduct 


The purpose of the cold 


above this range the disorganized material 


introduce some disorganized material which, upon ree: 
within any range, would revert to the phase (or phases ) 
Thus, the highest temperature at which 
in the hypereutectoid alloys, would be determined 
whether or not pearlite was present after a long soal 
lf the temperature were in the stability 


alpha iron, pearlite would be formed but, if the temper: 


would reve 


‘ypical photomicrographs ar 


sealing them in evacuated pyrex containers. 


was within plus or minus 5 degrees Cent. 


specimens to temperature in ten minutes. 


ments were carried out in vacuo or in helium, 


Cent., it was possible to protect the specimens from oxi 


The temperatul 


The temperatu 


attached to a piece of stainless steel, which was of the san 
the samples and, like them, enclosed in another pyrex 
Care was taken in the manipulation of the furnace to 
Although all heat t: 
the additional 


With the hypoeutectoid alloys a different procedure 


specimens was observed by means of a chromel-alumel ther 


( 


e 1 


1 
> 


Licihl 


tion was taken of grinding off the surface before microsco 


Both the 0.015 and 0.29 per cent carbon alloys st 


temperature 


week in vacuo at 625 


( Fig. 


for 
10). 


21] 


Specimens so treated were held 


hours, 


statten pattern when cooled to room temperature. 


the 


0.29 per cent carbon showed this directional decomposition 


W hen 


alloys were heated to 800 degrees Cent. (to insure that 
entirely in the gamma state), cooled to 135 degrees Cent 


W idmanstatten 


i 


, 650, 675, and 700 degrees Cent., and « 


agglomerated structure disappeared and was replaced by 


After one week at 625 degrees Cent. parts of the spec 


1 
+} 
LI 


manstatten pattern indicative of directional decompositio! 


If the soaking temperature was above the stable alpha ra 


( 


thoy 


transform to alpha above 100 degrees Cent. and display a Wid 


Photomicrograph of a Homog 
t Carbon Alloy, Heated to 800 grees Cent.. Cocled to 13 
s Cent., Held fer 21 Hours, Soaked One Week at 625 Degt 
Vacuo and Quenched Note 


the Agglomerated Type of Struc 
Etched with Nital. < 2000. 


t 


Specimen of the 0.015 


Fis 1] Photomicrograph of a Homogenized Specimen of the 0.01 
t t 
Cent Carbon Allov Heated to 800 Degrees Cent., Cooled to 135 
es Cent., Held 21 Hours, Soaked One Week at 700 Degrees Cent 
Vacuo and Quenched Directional Decomposition of Large Gamma 
Indicates that the Specimen Was in the Gamma Region Etched 
. ! 
+ Per Cent Nital 2000 


y that this temperature is within the two phase region. Thx 


ice of the structure of the 0.015 per cent carbon alloy atte 


reatment did not change materially, although there was some 
of recrystallization. While more than haif the alpha present 


temperature has transformed to gamma when the temperature 
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5 


is raised to 625 degrees Cent., grain growth at this temp 






very slow (in the low carbon alloys) and considerable tiny 






required to grow grains large enough to differentiate the ty 






The agglomerated 0.015 per cent carbon specimen hel 






degrees Cent. for one week showed a Widmanstatten patt 
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Fig. 12—Photomicrograph of a Homogenized Specimen of the 0 
Per Cent Carbon Alloy Heated to 800 Degrees Cent., Cooled to 1 
Degrees Cent., Held 21 Hours, Heated One Week in Vacuo at 
Degrees Cent. and Quenched. Directional Decomposition Indicates tl i 
the Limit of the Alpha Phase has been Passed. Etched with 4 Per Cx . 
Nital. x 2000. 
agreeing with the dilatometric observations that the alpha to ga 
transformation is complete at 660 degrees Cent. At 650 degr 
Cent. the agglomerated structure of the 0.29 per cent carbo 
disappeared. (Fig. 12). 
Table II 
Upper Temperature Limit of the Alpha Phase +] 
Manganese Carben Temperature in De; 
Alloy Per cent Per cent Alpha present Aly 
A-41 10.4 0.015 650 t} 
A-31 10.2 0.29 625 6 
H-2 9.7 0.49 650 
A-38 9.4 0.76 675 
A-39 10.4 1.25 675 
H-1 10.6 1.37 675 
Determination of the Temperature Limits of the Carbide Pi ; 
A number of experiments were conducted for the purpos¢ i 





determining the solubility of carbon in the gamma phase of 
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nganese alloy, 1.e., the boundary temperatures for the carbide 

[hese experiments consisted of quenching the alloys from 
ively higher temperatures and observing that at which carbides 
ired. The specimens were heated in a vacuum furnace con 
to within plus or minus 5 degrees Cent. 
he length of time of heating at each temperature was about two 
it the end of which, the specimen was quickly quenched in 
Temperature intervals of 25 degrees Cent. were selected so 
carbides were found, for example, at 900 degrees Cent., and 
925 degrees Cent. the solubility point was midway. Thi 

ens were polished, properly etched, and examined at high 
for the last traces of carbides; where no carbides were ob- 
on the first examination, the specimens were cut in two and 
ner surfaces examined. 
he “as forged” specimens were heated by successive steps until 
bides had disappeared, thus giving an opportunity for some carbon 
lissolve at each temperature. The same procedure was carried 
the homogenized alloys. In addition, other specimens of the 
renized alloys were heated first to a high temperature, quenched 
hat all of the carbon remained in solution) and then held one 
at 550 degrees Cent. to reprecipitate the carbides. These homog 
specimens were cut in two pieces, one of which was heated 
first temperature where the disappearance of carbides had been 
rved, quenched and examined. In case no carbides were observed 
outer surfaces, the specimens were again cut and the inner 
faces examined. 

[he experimental procedure had to be somewhat altered for the 
eutectoid alloys. In these alloys the separation of carbides into 
rmal pearlite structure must be preceded by the rejection of some 

alpha phase. The persistence of the Widmanstatten pattern 
0.29 per cent carbon alloy even when it is quenched from 
ratures well in the gamma region excludes the use of the 
| adopted for higher carbon alloys, and another procedure had 
adopted. For example, a specimen of the homogenized 0.29 
nt carbon alloy was heated to 900 degrees Cent., squeezed 


ise and severely hammered while the sample was cooling to a 


heat ; then the specimen was placed in a furnace at 500 degrees 


\fter two hours at 500 degrees Cent. the specimen was 


hed in water, polished and examined. The usual ten second 
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etch in hot sodium picrate revealed small patche 


in troostitic formations along the grain boundarie 


The specimen of the 0.29 per cent carbon alloy 


troostitic constituent was then cut in smaller pieces 


successively higher temperatures. Traces of the 


Curves Showing 
ramma Phase 


pm Cont Cerbon 


onstitution of the 10 4 
it Substantial Equilibriu 


Ci 


and 


carbides 


served at 600 degrees Cent., but these had completely disap] 


at 625 degrees Cent. From these data, the solubility temper: 


carbon in this alloy was taken to be between 600 an 
Cent. 

The solubility of carbon has been plotted in Fig. 
particular interest to note the lower temperatures 


carbides went into solution in the homogenized alloys. 


TEN Per CENT MANGANESE SECTION OF THI 
lRON-MANGANESE-CARBON SYSTEM 


| 


i 


La 


625 


ba 


al 


vhicl 
i114 
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TERNA 


The results of these determinations are plotted in Fig. 


shows the phases and their temperature limits in the 


10 pet 





OVS OF IRON, MANGANESE AND CARBON 803 
ese alloys. Curve BC 1s the dividing line between the gamma 
una plus carbide regions and is the solubility curve fot 


n the gamma phase; curve BD is also a carbon solubility 


rve ABE represents the highest temperature at which alpha 


ist as a stable phase. It is of particular interest to note the 


O. 
Wt eee Worked 


Fy valels 
O<tese Forged PA 


‘° 


"Sot 0 0 
rT Cold Worked end t 
Joeked 60 Hr et 560°C. 


04 06 O08 
f sf? 
Per Cent Carbon 
Fig. 15-—-Curves Showing the Hardness 


of the 10 per cent Manganese Alloys afte1 
Different Treatments 


rising of curve BE with increasing carbon content, caused 
precipitation of manganese-rich pro-eutectoid carbides. Curve 
epresenting the lower limit of the gamma phase, has not been 
ned because of the experimental difficulties, namely, the ex 
long time required to establish even approximate equilibrium. 
considering this diagram, it should be borne in mind that it is 
binary diagram and that the curves are traces of surfaces within 
ary iron-manganese-carbon system. Such a diagram gives no 
ion of the relative amounts of phases present nor any idea 
composition. Curve BE, is, in reality, not in the 10 per cent 
nese plane but is a projection of the eutectoid line on the 10 
t manganese plane. Likewise, curve BD may be displaced from 
per cent manganese plane, the amount of this displacement 
ependent upon the composition of the alpha phase separating. 


1) ~ 


Bb and BE are true representations of the 10 per cent 
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manganese plane since they form part of the boundaries « 
phase region. 


THe INFLUENCE OF CARBON ON THE HARDNESS 0 
TEN Per CENT MANGANESE ALLOYS 


Hardness measurements were made on the alloys aft 
treatments. The particular heat treatments given were s 
cause of their bearing on the transformational characterist 
alloys, and not to obtain maximum hardness. In making th 
tions the samples were cut in two and the hardness numbet 
in Fig. 19 are for the center of a half inch specimen. 

The alloys as forged were cold-worked by giving a twent 
cent reduction with an air hammer. That the hardness of 
per cent carbon alloy was not increased by cold work is 
fact that at room temperature the decomposition of the gam 
is nearly complete and the structure is very fine grained. 

Soaking these cold-worked samples for 60 hours at 560 
Cent. reduced the hardness to that of the alloys as forged. 

The two lower curves of Fig. 15 give the hardness of tl 
mens used in the determination of the upper limit of 
phase. (The 0.015 and 0.29 per cent carbon alloys 
agglomerated specimens but others which had received the sam 
ment before soaking as the hypereutectoid specimens). At 
degrees Cent., the phases present in the hypereutectoid alloys 


gamma and carbides and on quenching the gamma is retained 


the other hand, at this temperature the hypoeutectoid alloys a1 


tirely gamma and low in carbon so that on quenching a fine-g 
structure results. The hypereutectoid alloys are composed of pearl 
primary carbides and gamma, while the hypoeutectoid alloys ar 
posed of alpha and gamma. 












RATES OF SCALE FORMATION ON IRON 
AND A FEW OF ITS ALLOYS 














By Kk. HEINDLHOFER AND B. M. LARSEN 







Abstract 


Scaling 1s considered to be as a diffusion process. Thi 
nple case of a plane bounded pure metal capable of 
forming more than one oxide, hence more than one scali 
yer, 1s treated mathematically. It is shown that the thick 
ess of each layer, hence the thickness of the whole scale 
creases as the square root of time and increases rapidly 
vith rising temperature, according to an exponential rela 
on. These simple relations are not strictly valid for alloys 
r for sharply curved surfaces such as wires. These con 
usions are confirmed for pure iron and pure copper and a 
ew iron alloys by experiments using relatively long periods 
f exposure and continuous weighing of the sample dur 
ng the scaling period. Scaling of tron in water vapo) 
md CO. proceeds at rates not only very different from 
hose in air or oxygen, provided sufficient time is allowed 
for the attainment of steady state condition. The scaling 
of a few resistant alloys ts studied 
























‘HIE purpose of the authors in this paper is, at the risk of appear 





ing to repeat ideas already in the literature, to present a general 


~ 





picture of the process of scaling of a metal, and to emphasize the role 





played by diffusion through the actual scale layer. For a given type 





scale, this phase of the process is substantially regular and pre 






lictable; and this general regularity aids us in disentangling the et 





fects of the various factors which may be involved in practice. The 






early rate of scaling of a metal surface is more important practically 





many cases, for instance in relation to heat treating operations ; 






but this early rate is not always in fact reproducible as it is influenced 





hy complex factors such as the character of the initial surface and 
i 






composition of the gas layer in immediate contact with the scaling 





surtace, this in turn being determined by the composition of the gas 





by its rate of flow past the surface. These influences, which may 





hard to duplicate, decrease in relative importance as the scale 
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grows, until finally the rate of scaling is limited chietly by 
of counter-diffusion of metal and corroding gas through tl 
The data given are for iron and some of its alloys, but 
ideas are applicable to the rate of scaling of any metalli 
The method of measuring scaling rates leads to fairly accu 
complete values of the rate constants for pure iron; the uss 
time experiments with frequent measurements has shown w 
irregularities in the scale growth on pure iron and certain 
loys which are not so evident under other experimental cond 
There are in the literature numerous data on the rat 
formation on iron and other metals at various temperatures 


various atmospheres; but until recently little attempt was 







treat the problem in a fundamental way. ‘Two papers by Pilling 
Jedworth’* first introduced order into the study of the 


process. Recognizing the fact that the growth of a scale layei 















pends on diffusion, they derived a quantitative relationship betwee: 
elapsed time and thickening of scale at constant temperature, name! 


that the amount of scale varies as the square root of time. Thei 















method of derivation of this relation seems to be based on premis - = 
not all of which are valid, yet the result is correct, and is in goo | 
agreement with their experimental data on the rate of oxidation o! ne 
copper, nickel, iron, and the copper-nickel alloys between the limits , 
of 0-35 per cent nickel and 80-100 per cent nickel. Moreover th e alu 
observed that for a given period of scaling, the amount of corroding 
agent absorbed (or the increase in weight, W ) by the specimen varies 
as a power of the absolute temperature (T), that is . 
W =kT e 
Dunn,* studying more particularly the variation in scaling Biss 


with temperature, agreed that Pilling and Bedworth’s results follow 
rather closely the relationship W kT", but concluded that this cor 
relation is not significant since the formula is purely empirical. Hi 
derived a formula of the form 
















IN. B. Pilling and R. E. Bedwerth, ‘*‘The Oxidation of Metals at High Tem 
fournal, Institute of Metals, Vol. 29, 1923, p. 529-591 














*N. B. Pilling and R. E. Bedworth, “The Oxidation of Coppe 
Temperatures,” Jndustrial and Engineering Chemistry, Vol. 17 ¢ 


T Nickel Allovs at 
1925, p. 372-371 
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Jes High Temperature Oxidation of Metals,’ Proceedings of 
Vol 26. p 203-209 
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| 

validity he confirmed by plotting the experimental data for 

seyeral brasses and a few pure metals in terms of low W against |, T 
nding that these plots are very close to straight lines. 

Schwarze’ studied the scaling of the iron-aluminum-chro 

lloys and found two different types of scale. At an aluminum 

ntent in excess of around 11 to 14 per cent the scale 1s white and 

ers an effective protection against continued scaling even at high 

ratures such as 1200 degrees Cent. (2190 degrees Fahr.). The 

scale formed on alloys containing less than about 7 per cent alu- 

inum is the ordinary black scale formed on pure iron and has little 


rotective effect. There exists an intermediate range at aluminum “ 







mtents of around 7 to 11 per cent on which a white scale forms with 
varts, originating perhaps at defects in the white layer. Our 
bservations are substantially in agreement with these results as illus- 


1 


trated by the scaled specimens shown in Fig. 9. The thin black 








scale formed on the high chromium alloys was effective in preventing 
rapid scaling but not quite to the same degree as the white scale on 
he aluminum-rich alloys. 


















MECHANISM OF SCALE FORMATION ON [RON 





lhe mechanism of scale formation may be explained on the 
isis of a series of investigations by Pfeil’ on the scaling of iron and 
ain alloy steels. From the data in the literature®: * we know that 
the oxygen pressure of Fe.O, 1s, at all temperatures below about 
1325 degrees Cent. (2420 degrees Fahr.), less than that of the atmos- 
lere, so that iron heated with an excess of air or with any oxygen- 

mixture should at any temperature below this limit ultimately 
in Fe,O, layer on the outside of the scale; (with higher tem- 








Von Schwarze, “‘Beitrag zur Kenntnis der Schutzwirkung der beim Zundern 
ebildeten Oxydschichten,”’ Mitteilungen aus dem Forschungs-Institut der Vet 
hlwerke A.G., Dortmund, Vol. 2, 1932, p. 263-277. 























Pfeil, ‘‘The Oxidation of Iren and Steel at High Temperatures,” Journal, Iron 
ot Institute, Vol. 119. No. 1, 1929, p- 501-560 

Pfeil, “The Censtitution of Scale,’’ Journal, Iron and Steel Institute, Vol. 123 

l. p 237-258. 


i. 














x ~ 


man and J. C. Hostetter, ““The Oxides of [ron Solid Solution in the Sys 
res Fe,;0,,” Journal, American Chemical Seciety, Vol. 38, 1916, p. 807-833 
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“Jarnets Oxidei fran termodynamisk Synpunkt,”’ Jernkontorets 
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Fig. 1—Fe-O Diagram According to Pfeil. The Lower Curves Represent 


tatively the Course of Decreasing Oxygen Content Between Outside and Insi 
the Scale Shown in the Photograph. 


peratures or lower oxygen pressures in the gas phase, the 
layer should approach Fe,O,). With FeO, as the outside layer, t! 
whole scale should then contain all the homogeneous phase mixtu 
possible in the iron-oxygen system between Fe,O, and pur 
saturated with oxygen. This is illustrated by Fig. 1 whicl 
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art of the Ke-O) diagram according to Pfeil Mathewson, 
d Ss 


~ 


ind Milligan* and Benedicks and Lofquist® have given Fe-O 
us which differ trom each other and from that of Pfeil, but 
in the liquidus and solidus lines at higher temperatures; we 
re only interested in the series of solid solutions formed at 
eratures in the range 600 to 1200 degrees Cent. (1110-2190 de 
ahr.) for which these diagrams are in fair agreement. More 
the latest determinations of the boundaries of the wistite 

QO) field by Jette and Foote’® and by Vogel and Martin" are in 

agreement with the data by Pfeil. 

Below the equilibrium diagram of Fig. 1 is placed a photomicro 
ph of a section through the scale layer formed on pure iron at 
ut 1050 degrees Cent. (1925 degrees lahr.) ; it shows three dis- 

layers—a thin Fe,O, skin on the right, then a layer of Fe,Q,, 
iid a much thicker layer of FeO in which a decreasing amount of 
dissolved Fe,O, has separated in cooling as we move toward the ex 
reme left, where the scale was originally in contact with the metal. 
Since the scale, formed as it is by a diffusion process, can contain 
nly those mixtures of iron and oxygen which form homogeneous 
single-phase solutions at the scaling temperature (1050 degrees Cent. 

n this example) the composition at the several boundaries in the 
scale should correspond with those represented by the intersection 
of a horizontal at 1050 degrees Cent. with the several lines of the 
fkeO diagram. The curves given below in Fig. 1 then represent 
qualitatively the course of decreasing oxygen content between out- 
side and inside of the scale. Since the scale on pure iron (or car 

steel) contains nothing but iron and oxygen, the iron content 
rises 1n proportion to the drop in oxygen content. The outside scale 
surface should be pure Fe,O,, containing 69.9 per cent iron, which 
can dissolve Fe,O, (or extra iron atoms, which amounts to the same 
thing) up to about 70.4 per cent iron. There is, at the Fe,O,-Fe,O, 
boundary, a sharp rise in iron content to about 72.3 per cent iron; 














( H. Mathewson, E. Spire and W. E. Milligan, ‘“‘Evolution of the lron-Oxygen Con 
nal Diagram,’’ TRANSACTIONS, American Society for Steel Treating, Vol. 19, 1931, 
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Benedicks and H. Lé6fquist, “Uber das System Eisen-Sauerstoft,”’ Zeit. Ve» 
e Ingen Vol rie 1927, p- 1576-7. 











KE. R. Jette and F. Foote, ““A Study of the Homogeneity Limits of Wostite (FeO) by 
Methods,’’ American Institute of Mining and Metallurgical Engineers Preprint, 


1933, 9 pages. 


R. Vogel and E. Martin, “Das System Eisenoxydul-Eisenoxyduloxyd,” drchiv. fu 
nnuttenwesen, Vol. 6, 1932. p. 109-111 
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a gradual rise through the Fe,O, layer to around 72.6 per c 
another sudden rise at the Fe,O,-FeO boundary to 75.6 per c 
which represents FeO saturated with oxygen; finally a grad 
to 76.9 per cent iron which is the composition of FeO, conta 
little extra oxygen in solution, that is in equilibrium with 
1050 degrees Cent. This inner FeO layer consists of one ph 
while at the temperature of scaling, but on cooling the solubi 


the excess oxygen decreases with the consequent separation of er 


\S- 


tals of magnetite which constitute the bright areas in this |: 
the picture of Fig. 1. 

Now, imagine a surface of iron exposed instantly to 
say, 1050 degrees Cent. (1925 degrees Fahr.). The first sm 
amount of oxygen combining with the iron dissolves in the surfa 


layer, but almost immediately a layer of FeO forms which gr 
taking up more oxygen at its outside, and iron at its inside, si 


17 
ul iL { 


OWS 


As this FeO layer grows thicker, oxygen diffuses in more slowh 


from the surface in contact with the atmosphere, and the oxyger 
concentration at the surface rises to the saturation value for oxvee 
in FeO. A layer of Fe,O, then begins to form, which (always as 
suming that excess oxygen at a pressure above that of the dissocia 
tion pressure of Fe,O, is supplied to the surface) becomes saturated 
with oxygen at its outside surface, where it oxidizes further to forn 


a skin of Fe,O,. As soon as this outer skin has absorbed oxyg 


e} 
~ I 


up to saturation the complete series of possible scale layers is formed 
and from this time on the boundary conditions in the scale are pra 
tically fixed at 69.9 per cent iron at the outside, and about 76.9 pei 
cent iron at the inside, surface of the scale. 

This point is important, since in order to apply a mathematical 
treatment to scale growth proceeding by diffusion, it is necessary t 
define fixed boundary conditions in order to be able to integrate th 
differential equations involved. In fixing the boundary conditions, 
it is also necessary to distinguish between the diffusion process it 
the gas phase and that in the scale layer. In air, the absorption o! 
oxygen into the scale raises the nitrogen content in the immediately 
adjacent gas film so that oxygen must diffuse through nitrogen t 
reach the scale surface. When the scale is very thin, and the rate oi 


i 


absorption of oxygen comparatively rapid, this rate of effectiv 
oxygen supply by gaseous diffusion may be a limiting factor in th 
whole process. Whenever this is true, the rate of scale growth 1s 


obviously dependent not only on the properties of, and conditions in 


















tiONs, 
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itself (1.e., diffusion constant, oxygen gradient and tempera 


ire) but also upon a rate of gaseous diffusion. 

r example, with a large fresh surtace of a fairly fast scaling 
etal such as iron at 1000-1200 degrees Cent. (1830-2190 degrees 
hahr.) it would be almost impossible to blow air past the surface 


‘ast enough to give an oxygen supply in excess of the amount which 


he initial thin scale layer is capable of absorbing. At a later period, 


however, when the scale has grown relatively thick, even the normal 


‘fusion in still air might be sufficient to supply oxygen to the sur 
face faster than it can diffuse through the thick scale. Wiuth a pure 
xygen atmosphere, this limitation due to gas diffusion should not 
xist. Moreover the rate of scale formation should be just as high 
is in a pure oxygen atmosphere if oxygen is supplied rapidly enough 

fast circulation of air or of any mixture of oxygen plus inert gas 
vith an oxygen pressure above that of Fe,Q,. 

Murphy, Wood and Jominy'’ give some data showing how the 
rate of scaling increases with the rate of gas flow past the oxidizing 
surface up to a certain maximum, beyond which a further increase 

rate of flow has no effect. This is quite reasonable, but such 
imerical data have little general value, since the minimum rate of 
vas flow necessary to cause this maximum rate of scaling varies not 
nly with the gas composition and the kind of metal being oxidized 

t also with the temperature and scale thickness at the time of meas 
irement. 


\nother factor, that of temperature control, must be mentioned 


re, because the effective temperature may also be dependent on the 
ate of scaling. The scaling of iron is a combustion process in which 
\ large amount of heat is evolved. If the scaling is rapid, as at the 
beginning of the process, especially in pure oxygen, this heat evolu 
on may raise the temperature of the iron very appreciably above 
that of the surrounding atmosphere. This effect would of course 
ause iron and many other metals to burn up in air or oxygen at 
uch lower temperatures if it were not for the protective action ot 
the growing scale layer. This heating effect, though well known, 
has not always been taken into account in considering scaling rates ; 
we shall mention it again later in connection with the experimental 
ds used in this investigation. 








W. Murphy, W. P. Wocd and W. E. Jominy, “Scaling of Steel at Elevated 
ires by Reaction with Gases and the Properties of the Resulting Oxides,” Trans 


American Society for Steel Treating, Vol. 19, 1932, p. 193-232 
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The remaining boundary condition necessary to 













definite relations between scaling rate, time and temperat 
given metal, is the assumption that the degree of perfect 
contact between the different layers in the scale, and especia 
contact between inner scale surface and metal, does not cha 
time. The experiments of Pfeil combined with ordinary reasonjy 
about the mechanism of scale formation leave no doubt th: 
taken up at the inner scale surface as well as oxygen at 

surface, and that these diffuse in opposite directions through th, 
scale. The inner iron concentration remains at a fixed maxi 











value only if perfect contact is maintained between scale and metal 


The effect of “blistering” of the scale on the rate of scale grow 
illustrated in some of the experiments described in this paper: 


represents merely a break of intimate contact which interferes 
the postulated constancy of the boundary conditions. 









MATHEMATICAL [TREATMENT OF THE SCALING PROCEss 
AT CONSTANT [TEMPERATURE 


There can be no question that the process which determines th 























over-all rate of scaling is the rate at which the scaling agent cai 
diffuse in to reach metal atoms and not the inherent rate of the chem 
ical action involved ; except possibly during the very first stage whil 
the metal surface is still in part bare, in which case there may lb 
interference by other factors of a type commonly designated 
catalytic. 

In order to apply the diffusion law to the rate of growth ot scal 
we choose first the simplest case of an infinite plane surface of a pur 
metallic element which forms only a single-phase layer of scale whet 
exposed to the action of the corroding agent at constant temperatur 
This is in nearly all cases a gas or mixture of gases, but the discus 
sion applies equally to the case of a liquid provided that it does no 
remove the scale by s¢ lution or erosion. 

In the first place, we postulate that the effective concentration 0! 
the corroding agent at the exposed surface of the scale is constant 
This condition is fulfilled exactly if the agent is a pure substance: 
such as oxygen at constant temperature and pressure, less rigorousl\ 
if the agent is diluted by an inert substance, as by nitrogen in atmos 


pheric scaling. In this important case the effective concentration 0! 





oxygen at the surface of the scale is somewhat less than in the gas 
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hole; the magnitude of this deficiency is determined by the 


nce between the rate at which oxygen is taken into the scale 





the rate at which diffusion and convection processes bring 1t 





sh the gas layer in immediate contact with the scale. In gen 





‘is deficiency is appreciable only in the initial stage of scaling, 





ly then does the rate of consumption of oxygen tend to be 





er than the rate of supply. This postulate is theretore valid, 





t at the very beginning of scaling when indeed other factors 

































es 
th a role and no general treatment is possible; this limitation 1s 
im fore of no consequence in the present discussion. 
net In the second place, we postulate that the concentration ot 
owth at the interface between scale and metal is constant, which 
Lpel lies perfect contact between scale and metal, and that the scale 1s 
es \ tinuous and free from cavities or cracks. 
In the third place, we postulate that it is a two-way diffusion 
wess, the corroding agent diffusing toward the metal, and the : 
netal diffusing perpendicularly away from the interface, and that, 
since the two weight-concentrations are complementary, we may 
make use of the weight-concentration of one of them to describe 
es th he process in terms of a diffusivity constant D which we assume to 
, e independent of the concentration and hence constant through the 
chem scale layer. On this basis we write the differential equation 
whil 
nay p au 
head L) ar — (1) 
dx” dt 
scat here u is the weight concentration of the corroding agent, at the 
a pul time tin a plane at a distance x from the outer surface of the scale. 
wher \ solution of this partial differential equation which satisfies 
erure particular conditions, is the well-known probability integral 
liscus 
On oO 
stant 
tance 
ous! j 
— hich the constants A and B are to be evaluated from the bound 
ay onditions and A is an integration variable. Differentiating equa 






2 with respect to x, we get 
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and therefore for the particular value X, which represents 
tion of the interface between scale and metal and thus corres; 


the thickness of the scale at any time, we have: 














Now the left hand member of equation 3 represents th 
which the scaling agent passes through the interface, and is theret 


proportional to the rate of growth of the scale; or 


dX 





nm-— 
dt 





where m is a constant characteristic of the particular metal and co. 
roding agent and is a measure of the thickness of scale produc 
per unit of corroding agent per unit area. Combining (3) and (4 


we gel 





where @ is a constant which can be evaluated by the following steps 
Substitution of this value of x into (5) enables us to evaluate th 


constant B; from our first and second postulates that the concent 








tion at the surface u, and that at the interface u,, are constant, Ww 





find by appropriate substitution in (2) that A = u, and u 





} 


finally, reckoning time from the beginning of scaling, that 1s t ( 





when x = _ we obtain 
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[his equation defines a, which however, can only be evaluated 
ally: and the value of a@ in turn determines, in accordance with 
(6), the rate of growth of the scale, in terms of the bound- 


nditions and the diffusivity coefficient. If all of the constants 


' 
se °° « c= @< ae 
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Fig. 2—Schematic Diagram Representing the Way 
in Which the Concentration u Changes Through the 
Scale Layer. 






evaluated are substituted in equation (2), it would represent the 


ay in which the concentration u changes through the scale layer, as 
presented schematically in Fig. 2; the precise form of this curve 
s however of subsidiary interest at the present time. 

the important conclusion is that embodied in equation (6) : 
hamely, that under the conditions specified, the thickness of scale 
is proportional to the square root of the elapsed time from the be- 
ginning of the process. This conclusion holds rigorously for an 
finite plane surface in the ideal case, but is substantially true for 
any kinds of experimental specimens in which the edge effects are 
appreciable. Similarly it holds for a cylinder provided that its 
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radius is large relative to the thickness ot the scale, a cond 
is not fulfilled with thin wires such as have frequently b 
mented with. If we now make the plausible assumptio: 
increase of weight of the specimen on scaling is proporti 
thickness of the scale, this increase in observed weight sho 
ideal case, be proportional to the square root of the ela 
This conclusion does not hold for alloys generally, be 
would in many cases be selective attack which would pri 
alter the concentration of one or other of the constituents, pa 
at the interface; nevertheless, when there is little differenc: 
tive attack or only a small proportion of alloying element, 
clusion may be substantially valid for any given composition 
In steels, in which we are primarily interested, there 
complication, namely, that, as is evident from Fig. 1, th 
composed of three distinct layers. Let us, therefore, cor 
case of a multi-layer scale. The mathematical procedur 
layer is identical with that already given, there being on 


for each layer with constants characteristic of the layer. The s 


difference is that one layer grows at the expense of another 


equation (4) is replaced by an equation of the form 


d lle 
‘ ) 
d x1 d A 


\s before, the equations are satisfied when X 
etc., whence the total increase + — X, + X, 

\/ t; or, in this case also, the total thickness is proj 
tional to the square root of the elapsed time. It may be noted, mo! 
over, that the relative thickness of the several layers should 
constant. 


EFFECT OF TEMPERATURE Upon RATE OF SCALIN( 


The effect of temperature upon the rate of scaling depet 
primarily upon the variation of two factors: (1) the difference 
total concentration or in solid solubility, within the scale layer; 
the specific effective diffusivity coefficient D of the corroding < 
through the scale. The former is a potential, analogous to 
the latter analogous to conductivity, in an electrical circuit 
change of temperature, there may also be a change in ty; 
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should pass through a transition region tor the scale; but 


need not be considered further here. 





iccordance with the ideal conditions postulated above, the 





ations at the boundaries of a scale layer are determined by, 





tal to. the saturation concentrations of the solid solutions 





for example, in the scaling of iron in air, the outer surface 


res 





FeO layer is saturated, at each temperature, with le,O, (01 





ss oxygen atoms). The change in saturation concentration ot 





solution with temperature follows the usual equation for 





of solubility with temperature, namely 









din N° QO 


aT R T° 










re N is a measure of the concentration at the absolute tempera 


[, O is the appropriate heat of solution and KR is the gas- °* 





nt expressed in the proper units. On integration this has the 


Lilt 







© 





r» R'] ° ° 
ul ee on the assumption that no appreciable errors 





troduced by substituting u, the weight concentration, for N, the 





| fraction. 





The variation of D with temperature follows, according t 





’ishman and Langmuir,’* an equation of similar form, namely 








()’ 










vo R1 e- — 
) k” $e ; where k” is a constant characteristic of the reac- 






tion, 8 the distance between atomic layers in the solid and ©’ a 


















Ct 
eat term. 
( Tel 
(his identity of form of the equations representing the varia 
vith temperature of the two factors concerned prevents us from 
( separating the two effects; on the other hand it enables us to con- 
lude that the influence of temperature upon the amount of scale W 
depends tormed in a given time will be represented with reasonable accuracy 
erence 1 equation of the form 
yer, é 
Ss 45 W KK ¢ 
> ()i - bh 
it. Wit or InW = InK 
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Vushman and [. Langmuir, “The Diffusion Coefficient in Solids and its Temperaturs 


Physical Review, Vol 0. Part IT. 1922. p 113 
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l 








where the constants IK and b are evaluated from observati 


temperatures. It may be noted that, on this basis, a plot 






l 
against , the reciprocal of the absolute temperature, sho 
. 
straight line. This conclusion is the same as that reached by [py 







who, however, took into account only the variation of dif 
coefficient, but not of solubility, with temperature; we ag 
him in believing this exponential form of equation preferabl 
purely empirical form W ie 










INFLUENCE OF BotH TEMPERATURE AND TIME 





LU Pon Sx 












Combining equation 6, for time (t) alone, with equatio 
temperature (T) alone, we obtain finally the form 


\\ 






where W is the weight of corroding agent comprised in the scal 


LLiLitt 


other words, the increase in weight of the specimen—per unit 
surface, and a and b are constants to be evaluated from the actu 


measurements. It will be shown that the observations on iron 






















various times and temperatures are in accordance with equation (9 
in those cases in which the postulates underlying the derivatior 
the formula can reasonably be expected to be substantially fulfilled 

Experimental Method—The method used was to weigh, at aj 
propriate intervals, the specimen suspended in a vertical tube furnac 
maintained at constant temperature. The specimen was in the forn 
either of a rectangular plate or of a round-ended cylinder; its sw 
face ranged from 30 to 90 square centimeters. 

A small Globar-type tube furnace, with its axis vertical, was 
set up with a potentiometer controller so that its temperature could 
be regulated within a few degrees anywhere in the range 500 to 1200 
degrees Cent. (930 to 2190 degrees Fahr.); above it an ordinary 
balance was placed, properly shielded from heated currents fron 
the furnace, so that a platinum wire, attached to one arm of 
balance, extended down through a small hole in an insulating plug 
and supported the specimen inside the furnace. Contact betwee! 
suspending wire and specimen was obviated by a short piece ot! 
hole procelain protective tube set into a hole through the specime! 


Temperature was measured by a platinum, platinum-rhodium 
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se to the specimen; at the higher temperatures where the 
eat evolution accompanying the scaling sufficed to raise the 
ture of the specimen appreciably above that of the furnace, 

thermocouple was passed through the second hole of the 

protective tube so that its junction was within the speci 
he lead-in wires of this couple extended through fine por- 
ibes, attached to the suspending wire, to a point outside of 
ace, and arranged there so that the extension leads to the 


nection could be hooked on for temperature measurements 











nhooked during weighing; the use of this second thermocouple 


noticeably more reproducible results. The change in weight 
the specimen produced by scaling was observed at suitable inter 
Is, with an accuracy of + 2 milligrams. 


In the few experiments made in an atmosphere of steam or 
rhon dioxide a porcelain tube, with lower end closed, was placed 
the tube furnace, and a current of steam from a boiler, super 
ited by a small tubular furnace to around 500 degrees Cent. (930 
egrees Fahr.) was delivered to a level below the specimen through 
thin silica tube and allowed to pass up around the specimen at a 
near velocity of about 50 feet per minute, escaping upwards through 
hole for the suspension wire and attached thermocouple. 

[ests were run for long periods, ranging from 20 to 150 hours, 


nsure that the scale thickness was great enough, during the larger 





! ot t} 


the run, so that the scaling rate would not be limited by slow 







fusion in the gas phase. This has the additional advantage that 

mtrol of the rate of gas flow becomes practically unimportant. 
the tests in air, only the natural rate of circulation brought about 
the chimney effect through the rather open Globar furnace was 


the other experiments, only a single rate of flow was used 







SCALING DATA FOR COMMERCIALLY PURE [RON 










Lhe results for specimens of commercially pure iron in air at 
series ot 


| constant temperatures between 550 and 1100 degrees Cent. 


~ 


c - . . ‘. 

Veo and 2010 degrees Fahr.) are presented in Fig. 3, plotted on 
sarithmic scales for both time (in minutes) and weight of oxygen 
Ne Diag 

LUOSOTT (1 


in milligrams per square centimeter). The log-log plot 
because it has three distinct advantages: (1) it enables 
cture the whole course of the experiments, which extended 
ly 10,000 minutes, with constant percentage accuracy ; (2) 
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it presents any simple power function, such as the squ: 





lationship postulated, as a straight line, the slope of 






responds to the exponent, one-half in this case; (3) it sl 






diately if this exponent is constant for variation of a { 






as temperature, by the parallelism of the several lines 






in Fig. 3 were all drawn with a slope of ™%, the ideal sloy: 





by the mathematical discussion: and it is obvious that the 
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definitely to follow these lines. (It should be remembere 
this scale the right hand portion of the curves correspond to r 






tively long time intervals.) It was not considered necessary to 






late any of the experimental results because the curves repr 






them with as much real accuracy as is inherent in such data 






There are, however, very noticeable deviations from the squ 






root relationship, especially at 600 and 550 and also at 1000 deg 
Cent. (1110, 1025 and 1830 degrees Fahr.). The question imn 






diately arises as to whether this deviation indicates that the sq 
root relationship does not hold exactly even under the ideal cot 


tions assumed in its derivation above, or whether one of thes 







conditions is not fulfilled in such cases. It was noticed, as the 






proceeded, that the specimens with the smoothest and most 





scale also gave the closest approximation to the square-ro 
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th time, whereas those showing deviations always had very 


le blisters or swellings in the scale. A scaling test on pure 


it 9OO degrees Cent. (1050 degrees Fahr.) was made, in 

vhich the scale formed was very smooth and uniformly adherent, 
variation of scaling with the square root of time was very 

ely approximated. Later, after two runs on iron at 700 degrees 
| 1290 degrees Fahr.) which apparently followed the ideal 
fairly closely, a third run on iron at 700 degrees Cent. in which 

ery many readings happened to be taken, gave a very different 


and the specimen had finally large blisters over nearly its 
vhole surface. These extremes are illustrated by the curves in 
|, the attached pictures showing the appearance of the cor 
responding specimens after scaling. In the case of the iron specimen 


it 700 degrees Cent. very large blisters must have swelled out gradu 
ly, beginning early in the test, and the rate of scaling gradually 
lecreased below the ideal rate; after about 250 minutes these blis 


ters must have cracked away from the specimen, exposing again to 


the air a large surface of metal with only a very thin scale coating, 


nd the rate then changed to a high value which slowed down again 
; new blisters were formed. 
Obviously if blisters are formed in part of the area, the con 
tity of the scale 1s not constant and the second condition postulated 
ibove in the ideal case is not fulfilled. For such cases the correspond- 
square root curve in Fig. 3 usually represents a maximum rate, 
the actual rate of scaling dropping more and more below this curve 
is blistering occurs; this effect is taking place in the latter part of 
he 1100 degrees Cent. (2010 degrees Fahr.) curve, one of the curves 
1000 degrees Cent. (1830 degrees Fahr.), also in the 600 degrees 
Cent. (1110 degrees Fahr.) curve. In many of the curves which 
tall below the limiting square root curve owing to blistering of the 
specimen, there is a tendency for the slope to fall away and increase 
ater up to the square root slope again. This is noticeable in the 
OOO degrees Cent. curve in Fig. 3, where several parts of a curve 
irawn through the points would be parallel to the square root line. 
\Ithough we have no positive evidence, we believe it probable that 
small blisters swell up, slowing the rate of oxygen diffusion at these 
ireas, but as scaling progresses, the growth of scale under these blis 
ters would tend, by closing up any such spaces, to re-establish the 
tinuity of scale growth pre-requisite to the ideal rate. 


plotting the intercepts of the curves for one material at vari 
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ous temperatures (Fig. 3) on any vertical line, which rey 
constant time interval, we obtain directly the variation of s 
with temperature. Such intercepts, for commercially pure 
Fig. 3 and for pure copper from the paper by Pilling and B: 
are plotted in Fig. 5 in terms of log W, the logarithm of tl 
increase, against 1/T, the reciprocal of the absolute tem 
The fact that these graphs are straight lines is in accorda 
our conclusion on a previous page, as expressed in equatior 
iunplies therefore that if we have measured the growth oi 
scale at two temperatures, we may by means of equation & 
the growth of the same scale at any other temperature. 

It would not necessarily hold it extrapolated into a ten 
range in which other solid phases appear in the scale. For 
the lowest curve in Fig. 3 is that extrapolated to 550 degrees 
(1005 degrees Fahr.) from Fig. 5, whereas the observations 
temperature do not fall on this line even in the early period 
blistering began; but since the FeO phase is not stable below 575 
grees Cent. (1070 degrees Fahr.) (see Fig. 1), the characte: 
scale may well be quite different with respect to diffusion below this 
temperature. On the other hand, the transition in the iron itsel 
from y to a, appears to exert no appreciable influence upon the ra 
of scaling. 

We now have the data requisite for the evaluation of the ty 
empirical constants of equation 9, and obtain: 









tor commercially pure iren \\ 6-30 Vvte 


tor pure coppel 


where W represents the gain in weight in grams per square cent 









meter surface of the specimen, t is time in minutes, and T absolut 
temperature in degrees centigrade. For purposes of calculation it! 
more convenient to have them in the logarithmic form, namely 
9000 


for iron log W 1993 + Y% logt — 
2.303 T 












10600 










tor copper log W 1.0821 + Y% log t - 
2.303 T 
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is of interest to note that our single measurement on copper at 
rees Cent. (1650 degrees Fahr.) (upper curve, Fig. +) proves 
mode of calculation to be concordant with those of Pilling 
iworth: and that the latter’s data on ingot iron in air at 800, 
1000 degrees Cent. (1470, 1650 and 1830 degrees Kahr. ) 
ulated on page 569 of their paper) agree with ours within a 
cent. Their values for ingot iron in oxygen are about twice 
as in air; this difference may however be ascribed to a higher 
ve temperature of the specimen in oxygen than in air, tor the 
furnace temperature, corresponding to the more rapid develop- 

ent of heat by the process of oxidation. 
\Ve conclude therefore that for commercially pure iron between 


| 1100 and perhaps up to 1200-1300 degrees Cent., and for 


copper between 600 and 1000 degrees Cent., the respective 


mulas given above represent satisfactorily the amount of oxygen 
bsorbed in scaling, provided always that the scale is thick enough 
that the rate of supply of oxygen by diffusion in the gas phase 1s 
ot a limiting factor, and that there is no blistering or other discon 


ty in the scale layer. 
SCALING RATES IN STEAM AND IN CARBON DIOXIDI 


Increased rates of scale formation in steam have been reported 
Murphy, Wood and Jominy,'* by Upthegrove and Murphy,” by 

\V. Schroeder*® and by Marson and Cobb.'* Although in our work 
effect of variation in the gas phase was not of primary importance, 

vo tests in steam, at 700 and 1100 degrees Cent. (1290 and 2010 
legrees Fahr.) and two in CO.,, at 900 and 1100 degrees Cent. (1650 
010 degrees Fahr.) were made as a check upon the data in the 

rs cited. The samples were of the same material as was used for 
runs shown in Fig. 3; the linear rate of gas flow past the specimen 

W. Murphy, W. P. Wood and W. E. Jominy, “Scaling of Steel at Elevated Tem 

by Reaction with Gases and the Properties of the Resulting Oxides,” TRANSAC- 


1¢ > »290 


ierican Society for Steel Treating, Vol. 19, 1932, p. 193-232 


Upthegrove and D. W. Murphy, ‘‘Scaling of Steel at Heat Treating Temperatures,”’ 


NS, American Society for Steel Treating, Vol. 21, 1933, p. 73-96. 


Schroeder, ‘Untersuchungen tiber den Einfluss von Liegedauer Temperatur, 
igkeit und Atmosphare auf den Ejisenabbrand.’”’ (Influence of time of exposure, 
gas velocity and nature of atmosphere on scaling), Arc/ Eisenhiittenwesen, 
> n. 47-54 
> 7 


Marson, and J. W. Cobb, ‘‘Scaling by Air, Water Vapor, and Carbon Dioxide,’ 
iety Chemical Industry, Feb. 25, 1927, p. 61-71T 
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off because of blistering. 




































































give a close approximation to the ideal curve. 











so-called ideal conditions are maintained. 























was about 50 feet per minute for both steam and carboi 
The results are shown in comparison with those in air at 


approaches this slope near the end of the run; 


amount of scaling was only about 40 per cent of the “ideal’ 


creased gradually with time up to about 600 minutes, after \ 


was not absolutely free of moisture and free oxygen. 


short time experiments, due to the absence of possible catalytic et 


‘5 / 


temperatures in Fig. 6. The points observed in steam at 70) 
Cent. approximate to the ideal slope less accurately than th 
sponding points in air; but the difference in total amount o! 
absorbed is hardly greater than the irregularities caused by | 
in the scale formed in air. At 1100 degrees Cent. the rat« 


growth in steam is somewhat faster than the square root 


the total an 


oxygen absorbed in steam is quite appreciably greater thai 


During the first 100 minutes in CO, at 900 degrees Cent 


air at this temperature (see Fig. 6). The relative differenc 


closely. At 1100 degrees Cent. in CO, the square root law 


cent less scale formed than in air at the same temperature. 
After 4300 minutes, in the run with CO, at 900 degrees Cent 


This result ten 


confirm the statement made earlier in this paper, to the effect 


Nall 


} 


and the scaling continued with no other change in conditions 


] 


scaling rates in pure oxygen should be the same as in air, when 


+ 
( 


it 
{ 


1 
Vil 


yas 
Wa 


rapidly at first in the oxygen (probably due to the rapid oxidation 


hat 
tha 


particularly towards the end of the run, where the rate in air dropp: 


\ 


period the scaling in CO, was about 75 per cent of that in air at tl 


Cent., the scaling rate followed the square root relationship ver 


the atmosphere was changed to pure oxygen (see point A in Fig. 6 
about 4000 minutes additional time. The scale weight increasé 


the outside portion of the “ferrous” layer present in CO.,, to fort 
layers of Fe,O, and Fe,O,), but, as the points approached our “ideal 
air curve for 900 degrees Cent., the rate of increase dropped off 


+ 
ID ( 


1 


+} 


experiments were not absolutely pure. The steam contained sma 
traces of air, and the CO, (taken directly from an ordinary tank 
Very dr 


oxygen-free carbon dioxide might give different results, especially 


‘7 1 


same temperature. Irom 600 to 4300 minutes, in CO, at 900 degrees 


obeyed for nearly the whole period of scaling with only about 10 pe 


( 


It should be emphasized that the CO, and H.O used in thes 








Cl 


SCALE FORMATION ON IRON 885 


il concentrations of H,O or ©, molecules. Such pure gases 
cur in practice, however, and in any case these effects are 
portant here, since we are considering only the problem of 
mn rates in the scale layer, independently of any questions ot 
rates of supply of the scaling agent from the gas phase. 
\lthough our results differ widely from certain data in papers 
above (Refs. 14-17), the discrepancy is to some extent more 
ent than real. We agree qualitatively to the extent of finding 
ised scaling in steam and decreased scaling in carbon dioxide, 
seems obvious that these differences become less and less with 


periods of exposure, and that the process is much more regular 


predictable over longer periods than for short ones, in which 


\ \ 


. 


LISTE 


| 


other factors such as gas diffusion rates, adsorbed gas films, 


ring, etc., may obscure and overshadow the effects as limited 


ply by diffusion in the scale layer. Marson and Cobb’s very low 


ues in CO., for example, may be due to the absence of the catalytic 


fects of traces of water vapor, probably absent in their very highly 


urified gas. Upthegrove and Murphy’s decreased rates with rising 


temperature in air between 1800 and 2000 degrees Fahr. shown in 


ig. 3 of their paper are unexpected but may be caused hy blistering 


the 


scaled pieces in this range, a condition which is in general 
r typical nor reproducible. 


\pparently, therefore, the square root relationship developed on 


the basis of a diffusion process holds fairly well for long exposure in 


) 


and HO atmospheres. The rate of scaling in both of these 


vases at a given temperature might be expected to be somewhat less 


than in air since the total range of oxygen “pressure,” or concentra 


1 
()T] 


1 
t} 


Cdlll 


1 
| 
Lt 


"11 
al 


1 


between the outer and inner surface of the single scale layer 
iced in steam or CO, is less than for the three-layer scale formed 
The data on CO, are in accord with this expectation, but in 


at 1100 degrees Cent. (2010 degrees Kahr.) the rate is towards 


e end 60 per cent greater than in CO,; the only observable differ 


enc 
( 


eis that the scale from steam is relatively porous, as is illustrated 


7, whereas the scale from CO, shows very slight porosity vet 


same microstructure. 


[he scaled pieces, after the runs both in steam and carbon 


uoxide, looked quite different from those heated in air. The sur- 


race 


t11¢ 


PLL 


t 


t the scale on samples heated in air, when not blistered, was 
smooth, with a velvety, finely crystalline sheen, whereas that 
scale formed in CO, or steam was rough and coarsely crystal 
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Fig. 4—Comparison of a Smooth and Blistered Scale 

The Upper Photograph Represents Iron at 700 Degrees Cent 

Che Lower Photograph Represents Copper at 900 Degrees Cent 
line with many crystal facets at varying angles to the surtace 


the microscope, the cross. sections were found to consist only ol 


single layer, like the inner ferrous layer depicted in Fig. 1; \-ra 


1 


analysis also showed the simple cubic lattice of FeO to be t! 
dominant crystal form. The scale formed at 1100 degrees Cent 
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degrees Fahr.) in steam is shown in the photomicrographs 
7) which include the complete layer, showing the junction 
he iron surface, at 50 diameters, and a field at 500 diameters 

the bright Fe.Q, crystals which separated from the FeO 
olution during cooling. The scale produced both in steam and 
lso showed almost no tendency to crack or to separate from 
on during cooling, and did not blister; this is probably corre 
with the fact that in these atmospheres the scale forms in a 


Temperature, °C. 


ia ee — 
GL 


1300 71200 7700 7000 
Temperature, Deg.K 
Fig. 5--Gain in Weight of Iron and 
Various Temperatures for 100 Minutes 


tf log W versus ] 


e layer, whereas in air the simultaneous formation of the FeO 
te,O, layers, whose density and thermal expansion differ, causes 
cracking and blistering usually encountered. 
it is rather surprising that no layer of Fe,O, formed in these 
in view of the fact that at equilibrium, Fe,OQ, should be the 
oxide in steam or CO, even with appreciable amounts of hydro 
CQO present. Fe,O, might, however, not be formed on the 
surface faster than it could dissolve into the FeO layer. More- 
the presence, in the film of relatively quiet gas in immediate 
t with the surface, of hydrogen or CO, which are the prod 
‘{ reaction, might slow down the rate of Fe,O, formation to 


oint at which no magnetite layer would be formed. If these 


iad been run long enough, an Fe,O, layer would probably have 


as the scale grew thicker and absorbed oxygen more slowly 
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trom the gas phase. It is probable that the use otf stea 
Sower-Barff oxide coating process for iron, which gives an 
scale is effective partly because the total scale thickness 
but also largely because it consists almost entirely of a si 


Ls 


of ferrous oxide.! 













SCALING RATES FOR A FEW BINARY AND LERNARY ALLOY 





lhe growth of scale on a number ot common alloys 






























all heated at 1100 degrees Cent. in air, is illustrated in Fig. 8 
compared with that for pure iron (upper curve). Becaus 


double log scale used, as in Figs. 3, 4+ and 6, this figure 


f 


a very large range in scaling rates. 
No binary alloy can be expected to scale exactly acc 


the square root of elapsed time at constant temperature, 


f 


boundary condition postulated, namely, that the compositioi 
metal layer adjacent to the inside of the scale remain constant 
time, 1s likely not to hold because of differences in rate of oxidat 
of the components and in the oxygen pressures of their oxides 
example, in a carbon steel, the metal layer under the scale is sk 
decarburized as scaling progresses. As shown by Fig. &, howe 
the disturbing effect of this factor may be less than the disturba 
due to blistering, ete., which may be present even with pure met 
tor the points for 0.9 per cent carbon steel, 4 per cent alumu 
steel, and 35 per cent Ni-Fe alloy, all follow nearly the ideal slo 
Pilling and Bedworth have shown that this square root curve is | 
lowed closely by Cu-Ni alloys between O and 35 per cent and betwe 
8O and 100 per cent nickel but not by alloys of intermediate co: 
position. 

The 0.9 per cent carbon steel absorbs oxygen only slightly mot 
slowly than pure iron; if we allow for the oxygen which must ha\ 
formed CO or CO, with the carbon and diffused away, this ditfe 
ence becomes very small, so that for practical purposes, the efte 
of carbon on scaling rate may be regarded as negligible. 

The presence of 4 per cent aluminum cuts the scaling rat 
about one-half, 35 per cent nickel only to about one-third, that 
pure iron. In the 18 per cent chromium—8 per cent nickel all 
the rate of scaling in the earlier periods is around one-fifth of tha 



















ISR. M. Bozorth, ‘Structure of a Protective Coating of Iron Oxides, 
an Chemical Society Vol. 49, 1927 p 969.7 ¢ 






































SCALE FORMATION ON IRON SSY 
UI ' e iron, but this difference decreases with time, the growth 
ere) > scale on this alloy being not even approximately proportional to 


iare root of time. For the alloys with 8 and 16 per cent 
\\ uminum and with 27 per cent chromium, we have types of curves 
ifferent from those for the pure metals, with the rate of scal 
creased in the last two alloys to roughly 1/100th of the valu 
ure iron at the same temperature. 
he three aluminum alloys tested happen to show a transition 
: f jirom one type of scale formation to an entirely different type with 


iv, 8 a he higher aluminum contents. ‘The scale formed (Fig. 9) on the 
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‘ve 18 I Fig. 6—Time-scaling Data for Iron in Various Atmospheres 

d betwe 

liate cor F + per cent aluminum-iron alloy is the same in appearance as on pure 
ron. The aluminum atoms in the metal must oxidize to Al,O, as 

htly mot s ast as they are exposed by the penetration of scale. Very little 

nust hav good information is available on the system comprising AI,O, ana 

lis differ ) ron oxides; the Al,O, may be in solid solution in the FeO layer, 

the efte r may form tiny Al,O, grains or pr ssibly be present as Al,O.-FeO 


spel molecules distributed in the scale. Whatever its form, there 


io rate | § is apparently not enough Al,O, present to form a continuous phase 
l, that it any point, and the net effect is merely a moderate reduction in 
‘kel allo scaling rate due to a lessening of the effective area for diffusion o1 
h of that t diffusivity. In the initial stage of the scaling process on the 8 


er cent aluminum alloy, on the other hand, any iron oxide which 
iave formed initially at the metal surface was presumably re- 
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Section of Scale Formed on Iron at 110 
Fig. 7A at xX 500 


duced to metal by aluminum diffusing out, so that a white, coheret 
protective film, composed essentially of Al.O,, was formed over t! 


surface, through which oxygen diffused so slowly that more alun 


num atoms were supplied by diffusion fast enough to unite with a 
the oxygen available and so prevent the formation of any appr 
ciable amount of iron oxide. During this initial stage the scaling 
was very slow, as shown by Fig. 8. After a time, however, the ral 


of scaling begins to rise, and this undoubtedly coincides with th 


appearance of the black iron oxide nodules shown in the middi 
sample in Fig. Y. Apparently, at a few spots in the surface, the 
supply of aluminum atoms could not keep pace with the supply 

oxygen atoms coming through the film, resulting in the format 
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e iron oxide, which pushed out or dissolved the Al,O, and 
a break in the continuity of the Al,O, layer; oxygen then 
le to diffuse in faster, more iron oxide was formed and the 
ron oxide spot spread rapidly. Polished sections of these 
ir scale areas look almost exactly like the scale on pure iron, 


the same three oxide layers present as are shown in Fig. | 


Gein , Mg. per Cm? 








7000 
Minutes 





Fig. 8—Time-scaling Data for a Few Alloys of 
in Air at 1100 Degrees Cent. 


in the 16 per cent aluminum alloy, the white protective aluminuni 


coherent oxide scale coating persisted unbroken to the end of the test, which 
— in this case was extended to about 117 hours; apparently in this 
e alun alloy there is enough excess aluminum so that the supply of alum1- 
with a num by diffusion to the surface could more than keep pace with the 
vy appre upply of oxygen diffusing through the scale. Curiously enough, 
+ eal the points for this alloy fall almost exactly on a straight line on the 
the rat log-log plot, but its slope is low, indicating that the rate of scaling 
with the decreases at a much more rapid rate than demanded by the square 
middl root relationship. It should be noted that in these iron-aluminum 
fare. th alloys with 4, 8 and 16 per cent aluminum by weight, the cor 
apply ot responding atomic percentages of aluminum are 8, 15.2 and 28.4 
emnation per cent respectively, so that in the 16 per cent aluminum alloy there 


rly one atom of aluminum for every three atoms of iron 
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\s noted above, von Schwarze* describes exactly the 
nomena in a series of aluminum alloys, giving the “transit 
in which both the black and the white type of scale were 


between 7 per cent and 10 per cent aluminum. A paper | 


Fig. 9—Iron-Aluminum Alloys at 1100 Degrees 
Cent. The figures under each specimen represents the 
aluminum content. 


on the oxidation of iron-aluminum alloys, however, shows a smo 


and gradual change in scaling rates between 0 and 8 per cent alu 


minum. These data, which apparently were all obtained from 2-hoi 
periods of exposure, constitute another example of the tendency 
to shorten up the period so much that the scaling behavior observe 
is not completely typical of the metal over longer periods. 


tures,’’ American Institute of Mining and Metallurgical Engineers, Technical P 
No. 450, February, 1932 


WN. A. Ziegler, ‘Resistance of Iron-Aluminum Alloys to Oxidation at Hig! 
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27 per cent chromium-iron alloy gave the same peculiat 
curve in three check runs, using differently shaped and 
pieces. At first the scaling proceeds slowly and uniformly 
the rate for the 16 per cent aluminum alloy, following 
mately the square root relationship with time, but after a 
period, the scale apparently breaks up slightly and allows 
metal surface to be exposed; scaling 1s then very rapid for a 
time, but soon the scale structure becomes closed up and co 
wain, after which the rate becomes extremely slow and re 
.. at least up to 50 hours at 1100 degrees Cent. (2010 degrees 
We have not studied the scaling of a series of iron-chromiuni 
detail, and have no explanation of this rather peculiar 


11 


he information gained trom these tests and from the observa 


} 


ns recorded in the literature furnishes little indication of what 


uld be a logical procedure in a search for a ferrous alloy highly 
esistant to scaling at elevated temperatures. The obvious require 
ents are that the alloy should form a closely adherent surface film 
ide, and that this film should be nearly impervious to the 
issage of oxygen atoms inwards or of metal atoms outwards; but 
to the implications of these requirements, one can only raise ques- 
tions which can be answered only by specific investigation. For in 
nce, does close adherence of scale imply that the pattern of the 
etal atoms in the scale film is nearly identical with the arrangement 


those metal atoms in the surface skin of the specimen? or even 


hat there is one network of metal atoms common to both scale and 


surfaces at the interface? or merely that the effective expan 
coefficients of scale and metal in the plane of the interface must 
nearly alike? Should the alloying element have a high rate ot 
fusion through the iron matrix, so that it comes rapidly to the 
rface to heal up imperfections in the scale? and must it be more 
oxidizable than iron, as aluminum and chromium are? Is 
ly impervious oxide layer one in which oxygen or metal is 
insoluble? Is it an oxide of a metal which forms a single 
oxide, as Al,O., rather than of such as iron with its several 
and oxide mixtures, and is it likely to be a compound oxide, 
a spinel? On questions such as these present knowledge 
ely or entirely lacking; until some of them are answered one 
ted to purely empirical tests most of which are certain to be 
ssful. 
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CONCLUSIONS 


()n the basis that the scale on a metal which forms 































scale grows by a process of simple diffusion through the 
already formed, scaling at constant temperature should, in 
case, be proportional to the square root of the time. We h: 
that the scaling of iron satisfactorily follows this prop: 
for longer periods of exposure; and that for a given peri 
posure the variation with temperature is exponential with respe 
to the reciprocal of the absolute temperature. The obsery 

ing rates for commercially pure iron and pure copper ar 
accordance with the following formulas, strictly applicabl 
specimens bounded by infinitely extended planes, but clos 


nations for all ordinary shapes, except thin wires 





for iron, at temperatures 600-1100" C. I/ 6.50 Vt e 






tor copper, at temperatures 600-1000" C. il 12.08 Vt e 


where W = oxygen absorbed in grams per square centimetet 
surface area, t is time in minutes, T is absolute temperatur 
degrees K, and e is the base of the natural logarithms. 

In the scaling of iron, the “ideal” conditions are sometimes 1 
fulfilled, owing to a marked tendency toward blistering and the fo: 
mation of cracks in the complex, three-layer scale formed on iron 1 
air. This tendency toward irregular growth is not nearly so mark 
in an atmosphere of steam or CO,, in which a single layer sca 
usually forms, with a much better adherence of the scale to the meta 

Substitution of commercial carbon dioxide for air lessens son 
what the rate of scaling of iron, especially during the first few how 
of exposure, in the temperature range 900-1100 degrees Cent. (165 
2010 degrees Fahr.); in steam at 700-1100 degrees Cent. (12% 
2010 degrees Fahr.) the scaling rate is somewhat greater than in ail 
As the period of exposure increases the relative differences cause 
by variation of gas composition decrease, and the square root 
lationship is followed more closely both in H,O and in CO,. Th 
greater rate of scaling in steam is probably connected with the fac 


that the scale formed in steam was considerably more porous 
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med both in CO, and in H,O 1s practically a single layei 

ferrous oxide solid solution; and this scale shows much less 
toward blistering than that formed in air. 

above relationships do not necessarily hold for alloys ot 

copper. Nevertheless, from the few tests on iron alloys, 

clude that carbon, up to 1 per cent at least, has practically 

t upon scaling rate. Nickel up to 35 per cent or aluminum 

iround 5 to 7 per cent reduces scaling only moderately, to 

ss around one-half to one-third of the amount for pure tren, 

the square root of time relationship approximately followed 

ninum above 12 to 14 per cent cuts the scaling rate down to a 

of 1/100 of that for pure iron, and a 27 per cent chro- 

ium-iron alloy is nearly as effectively protected against scale growth 

t temperatures up to above 1200 degrees Cent. (2190 degrees Fahr.} 


these high-aluminum alloys. Von Schwarze found that a ternary 


Fe-Cr-Al alloy containing as little as about 2.5 per cent chromium 


10 per cent aluminum gave very good protection up to about 


|200 degrees Cent. (2190 degrees Fahr.). 


in in all 
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EFFECT OF HYDROGEN ON THE 
TRANSFORMATIONS IN IRON 











By R. H. HARRINGTON 





INT RODUCTION 







N the August 1933 issue of TRANSACTIONS appeared ai 
] concerning the subject of the above title, which was cont 
by Dr. Hans Esser and Heinz Cornelius and based upon tl 
excellent researches. Had they confined themselves accu 
the subject of their research, the present writer could di 


but commend the excellence of their scientific methods 



















importance of their results in showing that hydrogen is 07 
factors that may cause two-stage allotropy. However, in referri: 
to previously published work by Professor W. P. Wood 
writer® *, Messrs. Esser and Cornelius have made many 
errors in misquotations from our papers and several very important 
omissions and misinterpretations in the reading thereof. \\¢ 
only account for this by assuming that it was necessary to translat 
our papers into German and that the losses were incurred 
manner. Space will not be taken at this time to completely corre 






the errors but a few of the more important points must be cited 
DISCUSSION 


lhe following statements in quotation marks are direct quot 
tions from the paper by Esser and Cornelius. The statements wit! 
out quotation marks may be found, either word for word 


‘Hans Esser and Heinz Cornelius, “On the Influence of Hydrogen on the T: 
tions in Iron,’’ TraANSAcTIONS, American Society for Steel Treating, Vol. 21, August 






DD 433 


















R. H. Harrington and W. P. Wood. ‘“‘Iron-Carbon Critical Ranges, PRA? 
American Society for Steel Treating, Vol. 18, 1930, p. 632-658 








R. H. Harrington and W. P. Wood, ‘‘Allotropy in Iron and Steel,” Tra 
American Society for Steel Treating, Vol. 20, December 1932, p. 529-548 











This paper is a discussion of the paper by Esser and Corneltus 
appeared in the August 1933 issue of TRANSACTIONS. The author, 
Harrington, is research metallurgist, General Electric Co., Schenectady 
Manuscript received September 7, 1933. 
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meaning, in the previous publications by Prot. Wood and 
CT. 
‘The most important result of this work (that of Harring 
Wood) is the proof that the A, and A, transformations take 
two stages which can be recognized as separate effects on 
ferential thermal analysis curves.” As a matter of fact, the 
erse-rate method was used throughout our work, and, we believe, 
vantages over the differential method in this particular 
lication. 
“Such double effects have not been observed by earlier 


Several references to previous records are given in our 


ibliographies, papers, and the printed discussions following the 


These give instances of double points. In none of these 
ystances could the doubling of allotropy be ascribed to hydrogen. 
3. Esser and Cornelius have apparently overlooked the fact 
hat our analyses were made in vacuum. They have conclusively 
shown that this eliminates hydrogen as a cause of doubling of 
llotropic points. On a like basis we had already come to believe 
hat in our work the hydrogen had been eliminated as a factor, 
specially in repeated runs. As we had indicated, it is quite prob 
v'e that some other composition factor was responsible for the 
loubling observed in our work. The theory of two-step allotropy 
s independent of the identity of this composition factor. 
+. Esser and Cornelius point out that the diagram drawn from 
ints on the heating curves from our data differs from the standard 
ron-carbon constitutional diagram. The two should not be com- 
We do suggest that logical comparisons can be made be- 
the standard diagram and that obtained from averaging the 
heating and cooling transformations as observed by us. Such an 
averaged” diagram appears in Fig. 8 of our first paper’. 
). “The two effects which were found (by Harrington and 
od) tor the A, transformation have however been represented 
by only one line.” The writer refers Esser and Cornelius to a 
statement in our first paper (p. 647) as follows: 
The change corresponding to the A, change of the Carpenter 


\eeling diagram is indicated as a dotted line P-K in Figs. 

0,7,and 8. This is done since it is not the authors’ desire to discuss 

this transition at the present time. Results of further work will be 
resented in a subsequent paper. (Thus the A, data are considered 
detail in our second paper’. ) 
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6. “The fact that through absorption of hydrogen 
second A, point can appear, shows that the allotropy of ir 
greatly on the degree of purity of the iron.” To the 
seems, as yet, to be a very dubious interpretation. Wo 
have been better to state that the manner, or mechanism, of 


depends greatly on the degree of purity of the iron? 


CONCLUSION 








Esser and Cornelius conclude as follows: “In view 
experiments one can safely say that the double effect for 
transformations, observed by Harrington and Wood, is due to t! 
method of preparation of the samples, in which hydrogen must 
been absorbed. The discussion of two-step transformatio: 
property of pure iron and pure iron-carbon alloys is_ theref 
apparently unnecessary.” 

As we have shown above, we believe that the very exc 
research work of Esser and Cornelius establishes quite well 
the opposite conclusion, namely; that hydrogen probably was 
the cause of the doubling observed in our work. We do not belie 


1 


that the theory developed in our previous papers can be so light! 
dismissed, especially since there is such a great deal of corroborat 

evidence, other than doubled allotropy, trom work of many othe 
investigators. This is carefully described in detail in our secoi 


paper®. To those who may be interested in discussion of this p! 












nomenon the writer respectfully suggests that they read the previous 
two papers by Harrington and Wood and, after then reading t! 
paper by Esser and Cornelius, draw their own conclusions. 

That doubling of A. and A, does occur in some ordinarily pur 
iron and pure iron-carbon alloys as well as in commercial alloys has 
been definitely established and renders a workable theory on 
considerable importance. The status of allotropy in absolutely 
iron remains as a matter of interpolation and hypothesis. 





ATIGUE AND THE HARDENING OF STEELS 
By Herpert J. FRENCH 
Prefatory Abstract 


An appraisal of the processes of martensitization 
1 age hardening is given in terms of the resistance of 
ls to fatigue. 

Delayed fractures (after 10 million stress repetitions ) 
martensitized steels are discussed in relation to fatigui 
sting technique and the utilization of hardened and 
ghtly tempered steels. Methods are given for deter 
ning “probable damage lines,” that is, the ranges of 
rstress within which damage should not occur. 

Hard martensites are shown to require appreciabli 
oportions of retained austentte, or decomposition prod 
ts, for high resistance to fatigue. The fatigue limits 
roduced by age hardening copper-silicon and_ nickel 
luminum steels, at around 400 Brinell, were approxi 

mately the equivalent of those of martensitized and tem 
red steels at the same hardness but their resistance to 
asional overstress was not so good. 

Strengthening on overstressing in fatigue tests, r 
rted occasionally by earlier investigators, was observed 
temper-britile nickel-silicon steels. Evidence is pre 
ited in support of the hypothesis that strengthening by 


nsile strengih were the rcsult of aging effects, that is, 
the decay of supersaturated solid solutions initiated by 
ip. Particle deposition in the slip bands was conceived 
obstruct slip and so to improve the resistance to fatigue. 


LNTRODUCTION 


S° CE 1925 it has been the custom to set apart an hour annually 


memory of a distinguished member of this society, Edward 


lille Campbell. Among Professor Campbell’s varied profes- 
ictivities, which have already been discussed by some of my 
ssors who knew him well, was a keen interest in the constitu- 
| hardening of steels. This appeared from time to time in his 
is the eighth Edward De Mille Campbell Memorial Lecture, presented 
rt J. French, in charge, alloy steel and iron development, The Inter- 


Nickel Co., Inc., 67 Wall St., New York. The lecture was presented 
teenth Annual Convention of the society in Detroit, October 4, 1933 
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properties produced in steels. 


(GENERAL CONSIDERATIONS ON 


1,649,398: 
Treating, 


O]} 


THE 


Since repeatedly applied stresses 
usually also comprise a searching method of appraisal of the qual 


see 


Vol. 


also 


16, 


“1 


writings and 1s already known to many of you. 


During Professor Campbell's lifetime the processes of 


called age hardening or dispersion hardening phenomena 


steel articles and is applicable only in special cases. 


FATIGUE” OF METALS 


to withstand repeated stressing without failure or damage. 


finitely large number of repetitions of stress. 


the 


a! 2 





In part 


attention was often centered upon the relation between thx 
tion and the properties of hardened steels and he made 
of important contributions to our knowledge of the subject 
therefore, seem to be fitting to devote this hour to a re-ex; 


or appraisal of the processes of hardening in terms of son 


and associated properties in steels by thermal treatment. Si: 


has made it apparent that iron and steels, by additions of 


such means may acquire a high degree of hardness. 





Nitriding Symposiun 


1929, Special Section, | 


°The word “‘fatigue’’ does not define the method of failure of metals under re 
applied stresses but it has come into common usage and will be employed throu 


that 


time the nitriding process was developed by Fry and continued stud 


and 


The important position occupied by hardened steels in our pr 


the principal basis of evaluation in this discussion of the processes 


RAN 


Marte 
sitization comprised the principal means for securing high hardness 


Variety 


of metals or metallic compounds, may be made susceptible to s 


The Fry nitriding process hardens only the marginal layers o} 
Attention will 
therefore, be restricted to the processes of martensitization and ag 





ent civilization is, as is well known, not solely the result of high hard 
ness and static strength but is due in no small part to their ability 
Mentor 
need only be made of a few applications such as springs, gears, bear 
ings, shafting and battering tools of various types to show the in 
portance to industry of the resistance of hardened steels to what 
commonly, has been called fatigue. 


ity of metals, the resistance of steels to repeated stress will be mad 
The fatigue limit of a metal may be defined as that stress b 


low which fracture will not occur if the metal is subjected to an in 


In general, steels 


eS 





have 


per 


illo’ 
ness 


m1 


(TIGUE AND THE HARDENING OI! 


aye rs ( 
ion wil 


and 
Gil dayt 


ur pres 1400 (After H. J. Gough) 


oh hard 
have well defined fatigue limits which usually are found at 35 to 55 


This applies both to carbon and 
450 Brinell. At higher hard 


ir abilit 
Mentior 


ray beat 


per cent of their tensile strengths. 
illoy steels at hardness below about 
the fatigue limits, and hence the ratios between the fatigue 


it and the tensile strength are somewhat in doubt. 


\ complete theory of fatigue is not yet available but certain 


bservations on the behavior of metals when subjected to repeated 


stresses are enlightening and useful as a prelude to the considera 


tion of the fatigue resistance of hardened steels 


seni te Slip 
tO an 10 

; When a ductile metal is subjected to repeated applications ot} 

omparatively high stresses slip bands or slip lines form which are 

visible under the microscope and which are taken to indicate local 

ized plastic flow. Slip bands in copper, after Gough,’ are shown in 


H. J. Gough, “‘The Fatigue of Metals,’’ 1924, Scott, Greenwood & Son, London 
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Fig. 1. 
form which progress across the section and ultimately res) 
ture. 


With continued applications of stress one or n 


Slip bands are most readily developed at high stresses 
have also been observed in a variety of metals by Gough 
son* after a large number of repetitions of stresses consid 
low the fatigue limit. Therefore, visible slip does not 1 
connote impending fatigue failure. 

Conversely, an absence of visible slip is no indication 
dom trom damage since fatigue failure has been observed 
Metal and hard steels by Moore and Jasper® from stress 
those required to produce slip, as determined by rise of ten 
in repeated stress tests, proportional elastic limit, etc. 

Slip involves alteration of the initial atomic bonding 
would be expected to occur first in crystals having the least f: 
orientation with respect to the applied stresses or in those 


tively low “‘strength” in heterogeneous materials. If, upon sli 






















bonds of equal or greater strength are formed no damage 
calized strengthening of the structure may be expected. Witl 
such new or improved atomic bonds damage is conceived to occu 

In the usual polycrystalline metal specimens with crystals hay 
ing different orientations and frequently also differences in com; 
sition there is probably an irregular distribution of stress. Why 
slip takes place in a crystal a redistribution of the stress is conceiv: 
to occur which can then cause slip in other crystals. These change: 
can proceed upon continued repetitions of stress until a cor 
readjustment has been effected. If the new atomic bonds are su 
stantially as strong as the original, the metal should withstand 
infinitely large number of stress cycles without damage or failu 
if the new bonds are stronger, the resistance to fatigue may be 
proved whereas if bonds are broken by slip without repair on 
more cracks may be expected to form and fracture results. 

This visualization of the part played by slip is consistent 
the experimental observations on damage by overstressing 
strengthening by the repeated application of stresses just below th 
fatigue limit. This latter effect is called strengthening by 
stressing and the magnitude of such effects appears to vary 
Gough and Hanson, “‘The Behavior of Metals Subjected to Repeated Stress 


ceedings, Royal Society, Vol. 104A, 1923, p. 538. 


5An Investigation of the Fatigue of Metals, University of Illinois, FE 
Experiment Station, Bulletin 142, 1924, p. 22 
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netals; the strengthening is generally the most marked when 





ss is only slightly below the fatigue limit and a very large 





of repetitions made. 





idence of strengthening by understressing is readily secured 





subjecting a specimen to a large number ot repetitions ot 





‘ust below the fatigue limit and then raising the stress and 





ining the life. If strengthening has occurred, the life at the 





tress will exceed that of the virgin steel subjected to the same 










Strengthening by overstressing has also been observed in duc- 
steels by Smith® and by Aders* but the reasons for such effects 


Lif 





ve been obscure. 



















































¢ S, 40 Steel 4W (lot 1): 0.87 C, 028 Mn, 0.28 51 
= 1400 °F Water, 550% Rockwell-C= 55 
favoral $ eri ri | Tl 
Q 120 | | 7 | —+- {ti itit — B Li ttt 
S t+ 1} yy “o| | 4! 
S & 4 
™ 
% 
Witl § 
v) 
LO OCC] 
‘ Fig. 2—Life of Quenched and Tempered 0.87 Per Cent Carbon 
tals | Steel Under Repeated (Reversed Bending) Stress, Showing ‘Delayed 
Fractures’? (A and B) and Strengthening by Understressing (C and 
l COl D). Ratio of Fatigue Limit to Tensile Strength 38 Per Cent 
WI] 
onceiv Until evidence to the contrary becomes available, the fatigue 
chang imit may be conceived to represent the stress at which the tend- 
Ci ency for damage is exactly balanced by the strengthening from un- 
are s derstressing. 
stal . ° . 
Delayed Fractures in Hardened Steels 
fa I 
be it The determination of the fatigue limit of ductile steels is gen- 
0 erally considered to require tests not exceeding 10 million cycles since 
has been shown that a specimen which will withstand this large 
nt number of repetitions of stress without fracture will withstand many 
ne more and, presumably, an infinitely large number. 
low th This point of view must be modified when considering hard- 





ened steels or those hardened and slightly tempered since specimens 





h did not fail in tests run to 10 million cycles of stress some- 














H. Smith, ‘‘Some Experiments on Fatigue of Metals,’ Journal, Iron and Steel 
1910, Part II, p. 246. 





Aders, “Influence of Aging on the Endurance of Soft Steel,’’? Mitt. a.d. Forschungs 
ler Vereinigte Stahlwerke A. G. Dortmund 1, 1928-1930, p. 201. 
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times failed suddenly after 30 to 60 million repetitions. 


illustrated in Fig. 2 and makes necessary a somewhat mot 








testing technique than is required with ductile steels for an 
determination of the fatigue limit. 

These tests and those used as the basis for subsequen 
sion were made at speeds of 1750 or 3450 revolutions per miny 


on R.R. Moore rotating beam machines. Polished specimens of + 








form and dimensions shown in Fig. 3 were used which . 
hardened throughout their effective sections both in shallow hard 
ening carbon steels and deep hardening alloy steels. A majority 











lata ie dh ec tees. bemananretiee se es i 
ae anit Wie Spas : 
tél 9. 176 \ 0.010” Relief 











0.230”t 0.003” 





Teper 3° per Fe. Z 20 Threads 





‘ig. 3 ‘orm an imensions oO ie olished Tes pecimens 
Fig I 1D f th Polished Test S 


p< Used in th IN 
Bending (Fatigue) Tests of Hard Steels. 





the tests were extended well beyond 10 million repetitions of stress 
and if fracture did not occur in from 30 to 60 million or more cycles 
the stress was raised, as is indicated by the dotted lines in the graphs 
and the life at the higher stress determined and compared with th 
life of virgin specimens at the same stress. In this way damage at 






the original stress, or strengthening by understressing, were deter 
mined and the fatigue limit more accurately located. Examples oi 
delayed fracture are shown at A and B in Fig. 2; strengthening by 


understressing is shown at C and D. The fatigue limit must ol 













viously be at a stress close to, but above D, since strengthening was 
observed, but it must also be below the stress for A which brok 
after 59 million cycles. 

It is interesting to note from Table | that delayed fractures 
those well beyond 10 million cycles—were prevalent both in th 
quenched steels, not tempered, and in those tempered at 550 and 6/5 
degrees Fahr. after hardening. They were not, however, encoun 
tered at all in the same steels tempered at 750 degrees Fahr. (spring 
temper) or higher temperatures. The dividing line, in terms 0! 
hardness, appears to be somewhere between 45 and 50 on the Rock 
well “C” scale. Delayed fractures were observed at hardness abovt 
this range but not below. 
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Table I 
Effect of Tempering on Delayed Fractures in Rotating Beam 
Fatigue Tests of Hardened Steels! 


Fractures Beyond 10 


No. of Tests Million Cycles 
Rockwell Run Beyond 
Tr 10 Million Life at Fracture 





tme! Hardness Cycles Number Millions 











i, not tempered 59/63 15 ) 18/52 
tempered 550/675° F 51/55 24 12 16/59 
1, tempered 750/800° F 44/45 6 0) 


























following steels, heat treated as indicated, were included in the tests: 0.87 ¢ 
ce 2) Ma. eal; 6.72 C, 2.1 Ni, 0.3 Mo, ols 0.56 €, 2.1 Na, O.3 Mo, otf: 0.50 
Vi. 1.6 Si, oil. 




















Speculation on why tempered steels show delayed tractures 
may be useful in emphasizing the importance of these effects both as 
resards fatigue testing technique and the utilization of hardened 
ind slightly tempered steels. 

Tempering at around 550 to 6/75 degrees Fahr. provides in 
creased atomic mobility for stress readjustment in martensitized 
steels. Any austenite retained on quenching should be largely if not 
wholly decomposed and there is also at least a partial decomposition 
{ the martensite. The resulting troosto-martensitic structure, both 

high carbon and medium high carbon steels, is essentially ferrit« 
with the carbide in a finely divided and unstable state; it has, as will 
be shown later, a high fatigue limit and a high resistance to over 
stress, characteristics which indicate a high resistance to slip both 
trom the standpoint of stress intensity and the number of repeti 
tions. 

But such a structure will not undergo appreciable deformation 
fore rupture takes place. This lack of ductility of the crystalline 
aggregate is probably a reflection of the characteristics of the crystal 
lattice since when deformed at ordinary atmospheric temperatures 
iracture in polycrystalline steel specimens is transcrystalline and not 
intercrystalline. When subjected to a large enough number of repe 
titions to break some of the initial atomic bonds, new ones of equal 







or greater strength cannot be expected so readily to develop as in 
more ductile steels. 











DETERMINATION OF THE EFFECTS OF OVERSTRESS 


he information secured from the usual stress-cycle graphs 1s 
but there are many classes of service in which steels are sub- 
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jected at least occasionally to overstress. It is, therefore. 
to expand the usual testing technique, comprising the m 
of life at different ranges of repeated stress, to include stu 
damage from overstress. 

Subsequent to the determination of the usual stress-cy 
specimens may be subjected to a range of repetitions of 
and then tested at the fatigue limit to ascertain whether or no 
resulted. If fracture of the overstressed metal does not 
10 million or more cycles at the original fatigue limit the st 
again be raised and the life determined for comparison 
obtained on the virgin metal. 

The results obtained by such methods of test may sur 


marized in several ways. In Fig. 4 the solid circles repr 
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Fig. 4—Effects of Overstress Upon the Life of Quenched 
rempered U.87 Per Cent Carbon Steel Under Repeated Stress. Holl 
Circles Define the Stress Cycle Curve for the Virgin Metal Sol 
Circles are Placed at Positions Indicating Stress and Life After 
Preliminary Overstress, Which is Indicated by the Numbers Adjace 


to the Points. The Upper Number Represents the Overstress 
Thousand Pounds Per Square Inch, the Lower, the Repetitions 
rhousands. Ratio of Fatigue Limit to Tensile Strength Equals 
Per Cent 










results obtained on the overstressed steel. The magnitude and dura 
tion of the overstress are indicated by the figures adjacent to | 
individual points, the values of the overstress in thousand pound 
per square inch being placed above the number of repetitions 

thousands. Where fractures did not occur in 10 million or mor 






cycles and the stress was raised the points on the chart are connecte 
by dotted lines. 

















‘This stress cycle curve differs from that of Fig. 2 for the same steel 
ment. The origin of the differences in the two sets of specimens, heat treated 
times, is not known but attention is called to Figure 9 showing that the fatigue 
of the steel under discussion is highly susceptible to small variations in heat 
especially at low temperature tempering. Four independent sets of determinat 
fatigue limits of 100,000, 118,000, 122,000, 110,000 pounds per square inch, 
and an average of 113,000 pounds per square inch. 
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sample represented by the points marked A in Fig. + was 

d to overstress at 125,000 pounds per square inch for 50,000 

indicated by the numbers adjacent to the point), then tested 

QOO pounds per square inch and did not fracture in 50 million 

The stress was next raised to 130,000 pounds per square inch 

life of about 120,000 cycles obtained. This life, within the 

of points ordinarily shown in the results of repeated stress 

is equal to that obtained in the virgin metal at a similar stress 

hows that no damage resulted from the overstressing. Over 

it 148,000 pounds per square inch for 10,000 cycles damaged 

icate sample, represented by point B in Fig. 4 since, when sub 

ntly tested at a stress below the fatigue limit where its life 
should have been infinitely long, it failed in about 22,000 cycles. 

\nother method of summarizing the effects of overstress, and 

ne which probably gives a more useful picture for some purposes, 


| Stee! 4V: 0.72C,037 Mn,2.09 Ni, 032 Mo | 
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Cycles 
Fig. 5—Effects of Overstress Upon the Life of Quenched and 
Tempered Nickel-Molybdenum Steel. Solid Circles are Placed at 
Positions Defining the Conditions of Overstress. Horizontal Arrows 
\ttached to these Points Indicate no Damage as Determined 11 
Subsequent Tests at the Fatigue Limit of the Virgin Metal or at 
Higher Stresses. Arrows Pointing Downward Indicate Damage, 
those Pointing Upward (None Shown) Improvement. Ratio of Fatigue 

Limit to Tensile Strength 37 Per Cent. 


ilustrated in Fig. 5. Here the solid circles are placed at positions 
lining the conditions of overstress. Adjacent arrows which point 
lownward indicate damage as determined in subsequent tests at the 
tatigue limit of the virgin metal or at higher stresses. Horizontal 
rows indicate no change while arrows pointing upward (none 
) may be used to designate improvement in fatigue resistance. 


With two notable exceptions, which will be discussed later, 


rstress resulted either in no detectable effects or clear evidence 
damage and Fig. 5 may be considered to be representative of the 
ter of the results obtained in a variety of steels quenched or 
hed and tempered to give hardness values at or above about 


nell. 
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A line may be drawn in the stress-cycle graph, as in 
indicate the boundary at which damage is liable to occu S, 
“damage lines” are, of course, approximate and can only 


ACC 
rate if enough overstress tests are made to establish their form. Th 
area below the damage line represents the safe stress-cycle rano, 
since it defines approximately the number of repetitions of differe 


stresses within which the material remains unimpaired. When ¢ 
area under the damage line is large the metal may be said to have 
good resistance to overstress while when small, damage from ove; 
stress can be said to be more readily produced. 

There is a scatter of points in the determination of the damay 
line just as there is in that of the stress-cycle curve for the virgi; 
metal. The damage line must, of course, join the stress-cycle cury 
of the virgin metal at the fatigue limit since by definition this is th 
limiting stress below which an infinitely large number of repetition: 
may be applied without failure and therefore without damage. A, 
the stress range is increased the cycles required to produce damag 
decrease. 

Tests on a variety of steels treated in different ways indicat 
that the damage line was often, though not invariably, similar i 
form, and not far below, the stress-cycle graph for the virgin metal 
Steels with comparatively long life at stresses well above the fatigu 
limit usually, though not invariably, showed high resistance to dan 
age. Expressed in other terms the damage line for hard (marte 
sitized) steels followed closely the high stress end of the stress-cycle 
graph for the virgin metal, an indication that once damage occurs 
fracture soon results. 








FATIGUE RESISTANCE OF MARTENSITIZED HIGH CARBON STEELS 


Not TEMPERED 






When high hardness is procured through martensitization 0! 
unalloyed high carbon steels, water quenching or more rapid cooling 
is required. More moderate cooling speeds, as in oil quenching, ar 
effective with alloy steels in which the rates of decomposition of th 
austenite have been lowered and, therefore, the critical cooling 
speeds reduced, by the addition of the special elements. 

The fatigue resistance of these two classes of steels, quenched 
appropriately to secure high hardness, and not tempered, may var) 
over rather wide limits. This may be illustrated by the comparisons 
given in Table II where it is shown that the oil-quenched alloy steels 
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Table Il 
Fatigue Resistance of Water-Quenched Carbon Tool Steel and 
Oil-Quenched High Carbon Alloy Steels 
Stress, Lbs. per Sq. In 
For Life 
Composition, Per Cent Quenched McQuaid- Vickers- of Approx 


Ehn Grain Brinell 50,000 At Fatigue 
( Mn Ni Mo From In Size Hardness Cycles Limit 


mm 6 to 7 705 80,000 72.000 
0.32 3.08 aati 1340 5 to 6 685 135,000 100,000 


0.37 2.09 0.32 8375 / 840 150,000 92,000 
0.36 2.07 0.29 1425 7 710 125,000 92,000 


have higher fatigue limits and also better resistance to overstress 
than the water-quenched carbon steel. The magnitude of these dif- 
ferences is, perhaps, portrayed more strikingly in Fig. 6 where the 


Steel 4W: 0.87C, 0.28 Mn, 0.28 Si 
1400 °F. Water, Rockwell/-C= 63 


Steel 4V: 0.720, 0.37 Mn, 2.09 Ni, 0.52 Mo 
13575 F Oil, Rockwell-C= 63 
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Fig. 6—Resistance to Fatigue (in Reversed Bending) of High 
Carbon Steel Water-Quenched, and High Carbon Nickel-Molybdenum 
Steel, Oil-Quenched. Probable Damage Lines on Overstress wert 
Determined by Methods Described in the Text 


stress-cycle curves and probable damage lines are given for the water- 
quenched carbon steel containing 0.87 per cent carbon and the oil- 
quenched nickel-molybdenum steel containing 0.72 per cent carbon, 
about 2 per cent nickel and 0.3 per cent molybdenum. Plotting of 
individual points has been omitted for simplification. 

The superiority in the resistance to fatigue of the alloy steels 
over quenched carbon steels in the same high hardness range may 
be conceived to result in part from the strengthening of the mar 
tensite by the added alloying elements but it is probably associated 
also with differences in residual stress. The nature of these stress 
variations is not readily determined but certain observations throw 
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light on the probable origin of the differences and tend 




























the view that internal stress plays a most important role. 
When the water-quenched carbon steel was tempere 
550 degrees Fahr. the fatigue limit and the resistance to 


were markedly increased as is shown in Fig. 7. With i: 
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Fig. 7—Effects of Tempering Upon the Resistance to Fat 
Water-Quenched 0.87 Per Cent Carbon Steel Ratios of Fati; 
Limit to Tensile Strength are: 44 Per Cent When Tempered at 





Degrees Fahr. 50 Per Cent When Tempered at 800 Degrees | Sek 
the tempering temperature from 550 to 800 degrees Fahr. th | 
resistance was lowered but it did not reach the low values " 
quenched steel, not tempered. t 

The stresses generated by the volume changes in hardening 
at least partially relieved by the tempering at 550 degrees Fal ro 
which raised the fatigue limit more than 35 per cent, from 72,00 th 
pounds per square inch to an average of about 113,000 pounds | 
square inch in four separate sets of tests. Stress relief from 
creased atomic mobility is not, however, the only effect induced | r 
the tempering. Structural changes occur comprising decompositio1 ) 
of retained austenite into alpha iron and carbide and, in addition, : Kal 
partial tempering of the martensite. The fatigue resistance migh' the 
be improved directly by these structural changes apart from thei 1 
influence on the redistribution of stress. ath 


The importance of stress is, perhaps, somewhat better develop 
by considering the effects of martensitization at liquid air temper 
tures on the fatigue resistance of steels which retain an apprecial) 
percentage of austenite on quenching. The conversion of th 
tained austenite to martensite at low temperatures can provide st 
with practically a complete martensitic structure and should 
stress generation since the volume increase accompanying th« 
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on occurs under conditions of low atomic mobility. If the 
bution or relief of stress was largely responsible for the im 
ent in fatigue resistance of the carbon steel on tempering, 
artensitization of the retained austenite in an alloy steel at low 
emperatures might be expected to reduce the resistance to fatigue. 

[ests made on an oil-quenched steel containing about 0.75 per 
cent carbon and 3 per cent nickel with a retained austenite content of 
64 per cent showed a fatigue limit of about 100,000 pounds per 
sguare inch. Upon conversion of the austenite to martensite at liquid 

temperatures the fatigue limit was lowered about 20 per cent to 

proximately 79,000 pounds per square inch, a value which is of the 
same general order as that of the fatigue limit of water-quenched 
arbon steels with high carbon contents and about 3 per cent or less 
f austenite. 

[he amount of austenite retained on quenching was determined 
y magnetic test methods. Those used comprised a modification of 
methods described by Maurer and Schroeter? and by Tamaru and 
Sekito.”” 

Two similar cylindrical specimens about 0.3 inch in diameter 
vere nicely fitted between parallel poles on an electromagnet. Coils 
round these specimens, connected to a ballistic galvanometer, per 
mitted determination of the magnetic properties. A similar coil in 
r determined the field strength. MLelatively small changes in the 
properties of one specimen were determined by comparing it with the 
ther one maintained as a standard. 

The ferric induction of one of the specimens was determined 
at a field strength nearly sufficient to cause saturation (about 830 
ersteds)*? and maintained at the selected value. One of the pair 
‘} specimens was then immersed in liquid oxygen (—310 degrees 
Kahr.) for 30 minutes. The resulting change in ferric induction was 
then measured using the ballistic galvanometer in a sensitive condi- 
tion and a circuit which gave a deflection proportional to this change 
rather than proportional to the total ferric induction. This change 
divided by the new ferric induction gave the amount of transformed 
iustenite expressed as a fraction of the whole amount of iron. Suc 


ind Eisen, Vol. 49, 


1929, p. 929. 


Reports, Tohoku Imperial University, Vol. 20, 1931, p. 377. 














ling to the results obtained by Tamaru and Sekito the amount of retained 
etermined by the method described, is substantially the same as that determined 
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cessive liquid oxygen treatments were given until no furth: 
were indicated. 

The percentages of retained austenite indicated by th 
may be somewhat lower than those actually present due 
plete conversion of gamma to alpha iron at liquid air temperatyy 
at which atomic mobility is low. They should, therefor 
sidered to represent only comparative values until confi 
other methods of test. 


THE ROLE oF AUSTENITE IN QUENCHED STEELS 





Additional evidence of the importance of retained aust 
given by a comparison of the fatigue resistance of oil-quenched a1 
water-quenched nickel-molybdenum steels containing about 0.7 
cent carbon, 2 per cent nickel and 0.3 per cent molybdenum 
According to Mathews"* the water-quenched samples should 


less retained austenite than those quenched in oil. Determinations 
by the method already described showed a retained austenite of 43 


per cent in the oil-quenched steel and less than one-tenth this amo 


about 0.4 per cent, in the water-quenched samples. 





As is shown in Table III, the water-quenched steel with 










Table Ill 
Fatigue Resistance and Retained Austenite in Water-Quenched and 
Oil-Quenched Nickel-Molybdenum Steel 










(Melt 4Y—0.72 Per Cent Carbon, 2.1 Per Cent Nickel, 0.3 Per Cent Moly! 
Retained 
- Quenched Austenite, Fatigue 
From, Degrees Fahr. Into Per Cent Lbs. Per S 
















5 Oil 1.8 IZ VOI 
9 Water 0.44 80.000 


137 
137 





lesser amount of austenite had a lower fatigue limit than the | 
quenched samples of the same steel. It should also be noted that thi 
fatigue limit of about 80,000 pounds per square inch in the wate 
quenched nickel-molybdenum steel is somewhat higher but of th 
same general order of magnitude as that of 72/76,000 pounds pe 
square inch found for water-quenched carbon steels. 

Correlation of the retained austenite with the fatigue limits 0! 
a variety of quenched high carbon steels is given by the holl 
circles in Fig. 8 and shows that the role of austenite may be an in 


127, A. Mathews, “Retained Austenite—A Contribution to the Metallurgy \ 


sm,” TRANSACTIONS, American Society for Steel Treating, Vol. 8, 1925, p 
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t one. With less than 3 or 4 per cent retained austenite, as 


‘ined by the magnetic test method described, the fatigue resist 


was relatively poor. Wath the retention of about 5 per cent o1 


of austenite an appreciable improvement was secured in the 


Carbon 87|.72|.49|.56|.87|.72| |.751.6 
Nicke/ 2.1\50\2.1 2.7) \F.NF7 
Molybdenu | SJ a 

Silicon . 1.6 


duenchinim\wlalalmiallala 


Ss 710 


S 
S 


fatigue limit, 100016. per 5a. 


2 4 6 8 ( 
Retained Austenite , Per Cent 
(Determined by Megnetic Tests / 

NS O12V W=Weter 0-0) S= § 

Fig. S8—Effect of Retained Austenite on the 
Fatigue Limit (in Reversed Bending) of Quenched 
Steels. Hollow Circles Represent Steels Which Gave 
Hard Martensites on Quenching, Solid Circles, Steels 
Which Did Not See Text for Discussion 


tatigue limit. While not shown in Fig. 8 there was also a greatly 
improved resistance to overstress. 


\ustenitic alloy steels, whether low or high in carbon, are char 
icterized by relatively low elastic properties and hardness. Thet 


' 
| 


tensile strengths, as is shown in Table IV, are frequently below, and 
seldom exceed, about 100,000 pounds per square inch without cold 


Table IV 
Approximate Tensile Properties of Austenitic Alloy Steels 


Tensile ; 
Approx. Composition, Per Cent Strength Yield Point. 
Mn Ni Lbs. Per Sq. In. Lbs. Per Sq. In 


] 9 ‘ 85.000 40,000 
max - 14 25 100,000 50,000 
3 75,000 50,000 
max.* a 22" 60,0007 40,0007 
Eutectoid 12 3.5 a 105,000% 28,0007 
loy contains 1.8 Silicon. 
stings, others wrought steels. 
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Their fatigue limits are probably also low, althoug! 





they have a high capacity for work hardening. 





The relatively good fatigue resistance of the oil-que: 





carbon alloy steels is, therefore, probably not due to the int 





of a component of superior mechanical properties but rat! 


il 





influence of the austenite on the stress effects of martensiti 





quenching or its influence on the strain, 1.e., 





slip during th 


8 which indicates 





Indeed there is evidence in Fig. 





crease in the retained austenite from around 5 to 10 per ce: 





oil-quenched high carbon alloy steels tends to lower the fati: 





[It would therefore seem probable that the benefits 





from the austenite are quite largely the result of its role in 





stress and strain. 





Its comparative softness, its ability to deform and th 





of volume increases during cooling would make it possible 








tenite to exert a cushioning effect in the process of hardening 


later under repeated stress, provided it is distributed rathe1 





throughout the metal where it can do the most good. 





The alloy steels designated by the hollow circles in Fig 














but more plastic. This is illustrated in Fig. 








contain sufficient carbon to provide hard martensite on simple quencl 
The role of austenite appears to be much less important in steels 
with lower carbon contents which, when quenched, were not so hai 
8 by the solid circles 
representing a nickel-molybdenum steel with 0.55 per cent carb 


nickel-silicon steel with about 0.5 per cent carbon. 








austenite on oil quenching was less than 134 per cent 














of retained austenite. 














hardness. as is shown in Table V. 








steels, yet the fatigue limits were higher than that of the wate 
quenched carbon steel with about twice this proportion (3 per cent 


The two medium-carbon alloy steels, when oil-quenched, wer 
not so hard as the water-quenched high carbon unalloyed steel, and 
the highest fatigue limit was shown by the steel giving the lowest 





Fatigue Limits of Quenched High Carbon Steel and Medium Carbon Alloy Steels, 


Their Hardness and Retained Austenite 











Quenched In 




















0.49% C, 3% Ni, 1.50% Si 





Rockwell 
“eo 
Hardness J 


64 
60 


55 








Steels, 
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vould seem reasonable to conclude irom these results that 
te of medium high carbon content in quenched steels has 
esistance to fatigue than hard high carbon martensite but 
le service requirements demand the highest range of hard- 
h carbon steels which retain from about 5 to 7 per cent of 
ustenite on quenching—that is, alloy steels—are better able to resist 

than those steels with about 3 per cent or less of austenite. 
the absence of evidence defining exactly the role of retained 
ustenite in the hardening of steels speculation on the means by 

can improve the fatigue resistance is of interest. 
ucas!® has shown that martensitized high carbon unalloyed 
‘eels contain minute cracks, visible under the microscope at high 
ification, in the needle areas. He stated, “if a hardened steel 
ontaining these minute cracks 1s one which will be subjected 
rsed cycles of stress, each little crack becomes potentially the 
point for a fatigue failure.” 

More recently Bain'* sought evidence of cracks in hardened 
steels and concluded that ‘‘a correlation was unescapable that brittle 
ess was associated with the minute cracks described by Lucas. When 

e cracks become very prevalent the specimen was invariably visibly 
acked in heat treatment.” 

Cracks were not found in the very fine-grained steels regard- 
ess of the heating temperature for quenching but Bain concluded 

the cracks were “not a result alone of the depth of hardening 

lependent solely on the severity of quench.” 

Cracks of the type under discussion were estimated by Lucas 

have a minimum width of the order of 25 atoms and a length 
' 1000 atoms and with dimensions of this order of magnitude might 
be expected to have a highly deleterious effect upon the mechanical 
roperties, including the resistance to fatigue, of hardened steels. 

\s a result of the cushioning effects of retained austenite, already 
liscussed, real or pseudo cracks would be expected to be more preva- 
ent in unalloyed high carbon steels than in the oil hardening alloy 
steels with their higher proportions of austenite. As is shown in 
rig. 9, the fatigue resistance of quenched high carbon steels is im 
proved appreciably by tempering at temperatures in the neighbor- 


] 


od of 550 degrees Fahr. 





The improvement which occurs is even 








Lucas, “On the Art of Metallography,’’ Transactions, American Institute of 
Metallurgical Engineers, 1931, Iron and Steel Division, p. 11. 





sain, “Factors Affecting the Inherent Hardenability of Steel,’ Transactions 
iety for Steel Treating, Vol. XX, Nov. 1932, p. 385. 





916 TRANSACTIONS OF THE 


more marked in steels with small amounts of retained ay 
in those with the larger amounts and this may be interpr: 
cate (1) that the cracks heal on tempering or as a result 

mechanical aging in the repeated stress tests themselv: 
cracks are not located at or near the surface in those area 





; 
| 


/ Stress for Life 
Lf of 25,000 Cycles __ 
| ‘ 


? 


/ @ 087C;7400F Water 
—$-T- © 0.75 C,5.1Ni;1340F Oil — 


Stress, 1000LL. per §g. in. 
S 





200 400 600 800 7000 
Tempering Tempersture , F. 
Fig. 9—-Effect of Tempering on the 


Fatigue Resistance (in Reversed Bending) 
of Martensitized High Carbon Steels. 


to the maximum stress in reversed bending tests, (3) that the mat 
ings observed in polished and etched sections under the microsco; 
were in the main not originally real cracks—i. e., permanent ruptu 
of atomic bonds—but rather lines of strain or pseudo cracks 

If the markings are real cracks but do not occur in the margi 
areas subjected to the maximum stresses in the reversed bending tests 
they might not affect the observed values of the fatigue limit bu' 
if the quenched steel was subjected repeatedly to high stresses, wel 
above the fatigue limit, stress concentrations around interior cracks 
might be expected to restrict the life. The evidence available, how 
ever, indicates that unalloyed high carbon steel, with a very shor 
life at stresses above the fatigue limit, when water-quenched, has 
very greatly improved resistance to failure at high stresses whe 
tempered after hardening (Fig. 9) 
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enport and Bain'® have observed markings in the martensite 





§ quenched steels which did not heal on reheating until 





mperatures in excess of about 1900 degrees Fahr. were reached but 





instances the markings disappeared on tempering. They 





that, in general, such markings represent stress concentra- 


rIC1¢ 





ns which are reduced or dissipated on tempering and therefore not 






rue ruptures. 
But whether the markings observed under the microscope in the 






t 


irtensitic needles represent permanent rupture of atomic bonds 







rior to preparation for microscopic examination or whether, as 


i 





ems more probable, they develop in polishing or etching from 





seudo cracks, they may be considered to be equally undesirable from 





the standpoint of the utilization of the hardened steel and they should 





e prevented whenever practicable. 





Bain’s observations on the behavior of very fine-grained steels 





ndicate that control of the methods of steel manufacture may be 





Ipful in the elimination of cracks or potential rupture of the atomic 





onds. This method has obvious limitations, however, in relation to 





the depth of hardening procurable. 





Quenching in heated liquid baths is another method proposed for 





] 


oiding the formation of so-called cracks but this is applicable only 






where the hardness requirements for the heat treated product are 





somewhat below that of high carbon martensite. This method either 





eliminates the formation of martensite entirely or the martensite ex- 





sts only at elevated temperatures as a stage in the more complete 





lecomposition of the austenite. 





lt seems probable that the retention of austenite can operate, 





through alteration in the stresses arising from martensitization, so 





is to reduce or eliminate real or pseudo cracks and so to improve 






the mehanical properties and especially the resistance to fatigue of 






the steel in the manner described. But whether or not this is a cor- 





rect appraisal of a part of the role of austenite it appears that hard 






artensites require appreciable proportions of retained austenite for 





high resistance to fatigue, a condition which is obtained most readily 





by the introduction into the steel of those special elements which tend 






\o retard the rate of austenite decomposition at low temperatures. 






AGE HARDENING IN [RON ALLOYS 






reason of their almost unique position in being susceptible 






ite communication 
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to hardening by heat treatment, steels long dominated 
of application requiring high hardness, high strength \ 
to fatigue. But with increase in our knowledge of s 
hardening phenomena, many alloys have become known 
hardenable by heat treatment alone and there is no long 5 
a distinction between the strength and hardness which n 
veloped in steels and nonferrous metals. 

Merica’® in the Institute of Metals lecture on ‘The A 
ening of Metals,” given in 1932 before the American In 
Mining and Metallurgical Engineers, pointed out that—‘‘th 
of copper may thus (by age hardening) be increased from 
of 35 Brinell in the annealed condition to about 400 in the 2.5 pe 
cent beryllium-copper alloy. The tensile strength of 30 
copper-nickel alloys may be increased from 75,000 pounds per 
inch to approximately 175,000 pounds per square inch in the 
cent aluminum-copper-nickel system. In the less generally ki 
held of precious metals, none of which has a tensile strength ove 
about 35,000 pounds per square inch in the annealed conditio: 
sile strengths of 175,000 to 200,000 pounds per square inch 1 
developed.” 

“In short, strength and hardness values may be developed : 
many nonferrous alloys comparable with those of heat treated ste 
and age hardening alloys are known which develop hardness values 
equal to those of the hardest steels known.” 

The conditions which must be fulfilled for age hardening t 
cur are summarized concisely by Merica as follows: “The all 
must contain a hardening constituent, be it metal or metallic cot 
pound, of which the solubility in the base alloy at higher tempe: 
atures is greater than at lower ones. The solid solution, saturat 
at. high temperatures with respect to the hardening constituent 
rapidly cooled or quenched to lower ones, is, at these temperatures 
supersaturated and unstable. During the process of decompositio! 
of this unstable solution, occurring gradually at lower or intermed 
ate temperatures, the alloy age-hardens.”’ 

Many details relating to the mechanism of age hardening 
unknown but the conceptions given will serve the present purposes 


4111 
| 


and are illustrated graphically in Fig. 10 by part of the equilil 


diagram of copper-iron alloys. 











’Tyansactions, American Institute of Mining and Metallurgical Engineet 
of Metals Division, 99 (1932), p. 13. 
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has become evident as a result of continued studies during 
vears that iron and iron alloys are susceptible to aging phe 
over a rather broad range of conditions. In fact aging ef- 
vhich were once believed to be the exception in steels would 
ather seem to be the rule. 
‘he manifestations of aging in iron and steel do not always 


le increases in hardness but a variety of addition agents are 


arty Solid Solution 


a Solid Solution + Copper 


> 
o 
© 
8 
S 
g 


4 6 


Per Cent Copper 


Fig. 10—Solubility of Copper in Iron (After 
” , pp ~ 
Buchholz and Koster), Stahl und Eisen, 1930, 687. 


now known which impart age hardening properties to these metals. 

\ partial but representative list of age hardenable iron alloys, their 

heat treatment and the hardness secured are summarized in Table V1. 

\ majority of these iron alloys, exclusive of those containing 

arge amounts of tungsten and molybdenum, depend for their age 

eratures hardening characteristics upon the addition, alone or in combination 
| with other elements, of agents which are readily oxidized in molten 

teels. Copper is an exception and is interesting also as an illustra 


tion of the hardening of a metal by dispersion in it of a much softer 


While a variety of agents are known which are capable of pro- 
‘ high hardness in iron or steels on aging their hardening ability, 
eneral, is lower than that provided by carbon and the processes 
artensitization. This will become evident if the increases in 
ess on heat treatment of the alloys listed in Table VI are 
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Table VI 
Partial List of Age WHardenable Iron Alloys, Their Treatmen 
and the Hardness Procured 













Solution 











Iron Alloyed With lreatment Aging Treatment Br 
~ Brinell Brinell Hi: 
Heat to Hard- Heatto Heat for, Hard é 

as Cool In ness Ir Hours ness \ ) 


lunastes 
10T%o W 2730 Water 155 1290 2 33K 
10% W 2730 Water 196 1290 ) 156 














Volybdenun 
50% Mo 2600 W ter 272 1155 20 6 2( 














litanium + Sit or Ni 









2% Ti, 2% Si, 0.05% ( 1830 Water 195 130 30 3900 
-% Ti, 2% Si, 0.25% C 1830 Water 195 130 3() 375 
2% Ti, 2% Si, 0.50% ¢ 1830 Water 210 30 30) 210 
7.3% Ti, 2% Si 2380 Water 320 930 20 650 
4.4% Ti, 12.5% Ni 1740 {Probably 350 31 12 615 
| Water 
3% Ti, 8% Ni, 18% Cr 2280 Water 285 130 $80 
ri 2280 Water 3 















0.55% B, 8% Ni, 18% C1 Hi Temp. Quench 235 1470 7: $35 
1.1% B, 8% Ni, Hi Temp. Quench 7 l : 










Beryllium 








3.9% Be 2010 Water 263 70 1 467 
1.0% Be, 5% Ni 2010 Oil 424 R4( 1 611 
1.0% Be, 10% Ni, 19.8% Cr 1740 360 588 






{luminum 
1.5% Al, 3.5% Ni, 0.15% (¢ 1550 Air 156 950 4 32] 16 
1.6% Al, 3.7% Ni, 0.55 p 75 Air 286 950 4 418 

















Copper 
1.1% Cu, 0.19% C 


590 Air 143 930 4 207 
1.0% Cu, 0.45% C 


Air 190 930 4 240 


wn 















Oxygen 
0.06% Os» 5 Quench 105 Room 







4 days 160 





Vitrogen 


0.04% No 





Quench 120 Room l4 days 204 84 














( ‘arbon 
0.07% C 12 


uw 


5 Quench 143 70 28 days 185 ; 
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(8) Ejilender and Wasmuht, Archiv. f.d. Eisenhuettenwesen, 3 (1930) 65 
(9) Koster, Archiv. f.d. Eisenhuettenwesen, Feb. 1929, 503. 
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viewed in the light of the effects of martensitization on carbon 
steels. The latter, with a Brinell hardness of about 200 in the an 
nealed condition will, as is well known, increase some 400 units, t 
about 600 Brinell, upon water quenching. Increases of this order 0! 










magnitude on aging are shown by few of the age hardenable irot 
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FATIGUE AND THE HARDENING OF STEELS 











ow known, a condition which recalls a statement which ap 
n 1926 in one of the last of Professor Campbell's papers'' 
s { ws: “Of all the elements usually associated with iron, carbon 
na class by itself as regards the extent to which it enables the 
etallurgist to control those physical properties which give steel thi 
tant position 1t holds in modern civilization.” 
view of these circumstances and the relatively low cost in 
jved in the hardening of iron by additions of carbon and the proc 
sses of martensitization, age hardenable iron alloys would be ex 
ected to find application only where they can provide properties o1 
yerformance not obtained in the more commonly used steels. That 
they do in individual cases is now well known. For example, some 
the iron-tungsten and iron-molybdenum alloys described by 
Sykes'® are not only hard at atmospheric temperatures but resist soft 
ning with increase in temperature much better than martensitized 
steels of the usual types. 

As has been pointed out by Nehl'*® age hardenable iron alloys 
ay be useful where high strength or hardness are desired in sec 
ions of appreciable dimensions since, in at least some of such al 
ys, the solution of the hardening elements or compounds and sub 
equent decay of the supersaturated solid solutions occur slowly 
Since rapid cooling (quenching) is not required there are no large 
mperature gradients and the effects of size are less important than 
the processes of martensitization applied to carbon steels and most 

ow alloy-content steels. 


Fatique Resistance ot Age Hardened Steels 












\t this stage of our knowledge generalizations with respect to 
the mechanical properties of age hardenable steels or iron alloys 
vould appear to be hazardous. Some of such metals, as will be evi 
lent from Table VII, can provide substantially as good tensile prop 
erties as martensitized and tempered steels of the usual types but 
thers appear to be deficient in ductility when appraised at equal ten 
E. D. Campbell and H. W. Mohr, ‘‘The Specific Resistance and Thermoelectremotive 


f Some Steels Differing Only in Carbon Content,’’ Journal, Iron and Steel In 
113, 1926; p. 37>. 


P. Sykes, ‘‘The Iron-tungsten System,” Transactions, American Institute of Min 
letallurgical Engineers, Vol. 73, 1926, p. 968; ‘‘The Iron-molybdenum System, 
NS, American Society for Steel Treating, Vol. 10, 1926, p. 839 












Nehl, “‘On the Mechanical Properties of Copper Steels,’ Stahl und Eisen, 1930 
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Table VII 
Comparison of the Tensile Properties and Hardness of Some Age Hard 
Alloys and Martensitized and Tempered Steels 








R 


Ratio Ter 


ield Tensile Yield Red. Brinell 
Composition, Point Strength to Elong. Area, Hard 
and Condition lb. /in lb. /in. Tensile c % ness Brine 





1Be,5 Nt 
Solution Treatment . 185,000 ; } , | 
Age hardened y 259,000 } 610 










$.A.E.-3340 
1425° F. oil, 500 









F. 235,000 60.000 0 10 1] 485 















1 Cu 
Solution treatmen 1000 58.000 67 Q 74 a9 19 ( 
Age hardened 68,000 X , OOO 6 6 1R8( 












S.A.E.-1020 


1600° F. water, 1100 56,000 82.000 6) ; 6¢ 163 10 A 








1 Tt, 0.8 Si, 3 Nia 
Solution treatment 85.300 16.600 Rg 190 510 R 
Age hardened 96.500 115.000 Q4 












19 Al, 3.6 Ni 


Solution treatment 69,700 92,100 76 37 66.9 163* ( \ 
Age hardened 92,800 110,500 84 2 59.4 220* 
$.A.E.-2315 

1500 F. water, 950 92.000 110,000 84 23 63 240 +6/ A 















*Conversions from Rockwell “‘C’’ hardness (6 R« 163; 18.5 Re 
















sile strengths or hardness. Aging is quite generally accompani 
appreciable losses in resistance to impact of notched bars and p1 
ably on this account as much as for any other reason has so 
considered to be more of a liability than an asset. 

Comparatively little is now known of the fatigue resistanc 
age hardened steels or iron alloys. Tests reported by Buchho! 
Koster*® on low carbon copper-chromium steels containing about | 
per cent copper and 0.4 per cent chromium which are partially su 
marized in Table VIII, showed high fatigue ratios and indi 
increases in the fatigue limit produced by age hardening 
roughly proportional to those secured with equal increases in tens! 
strength or hardness in martensitized and tempered steels. but 


*°H. Buchholz and W. Koster, “‘On the Age Hardening of Copper Steels 
Eisen, May 1930, 687. 



















FATIGUE AND THE HARDENING OF STEELS Y23 








Table VIII 
iparison of the Fatigue Resistance of Age Hardened Copper-chromium Steel 
With That of Martensitized and Tempered Medium Carbon Steel 





0.18 C, 0.87 Cu, 0.42 Cr 

0.37 C Steel 
Solution Age 1550° F., Water Quenched 
Treatment Hardened 1050° F., Furnace Cool* 










‘th, lbs. per sq. 1n 72,500 84,000 14.200 
mit, lbs. per sq. in. 40,000 51,000 $5,000 
1e Limit to Tensile 


th, per cent ; 61 48 



























reported by D. J. McAdam, J: 


lusion should not be drawn that a proportional improvement in 
cue resistance is the rule in this class of metals. 
Merica** quoting the findings of Moore** and McAdam** points 
that “The fatigue limit of annealed duralumin may increase from 
10 to 50 per cent during normal (aging) treatments which induce 
ncreases in hardness and strength of 100 per cent’—‘This is true 
iso of 4 per cent aluminum-copper-nickel alloy and of the nickel- 
silicon-copper alloys.’’ He states, “This reminds us of the effect of 
cold working on fatigue strength, which is also much less effective 
increasing fatigue strength than in increasing the yield point and 


nsile strength of metals and alloys generally. One can hardly 
scape the conviction that internal stresses are here at work. The 
itter certainly play a part in preventing the full development of 
igue strength in cold worked metals, as has been indicated by 
McAdam.” 
Fatigue tests on a nickel-aluminum steel, which are summarized 
lable IX, indicate that high fatigue limits may be obtained in at 
least some of those iron alloys which are capable of giving high 
hardness, above 400 Brinell, on aging. The fatigue limit of about 
W,000 pounds per square inch is below the maximum values which 
be developed in martensitized and tempered steels but it is not 
‘or steel having a hardness of 418 Brinell. 


but perhaps the most interesting aspect of these fatigue test 
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Proceedings, American Society for Testing Materials, Vol. 23, 192 











I. McAdam, Jr., Papers 1506 and 1537, American Institute of Mining and Metal 
Mngineers, 1925 and 1926. 
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Table 1X 
Changes in the Fatigue Limit on Age Hardening a Nickel-aluminum St 
and Comparison with Martensitized and Tempered S.A.E. Steel 234 


as &, 3.52: Mi, 1.66 Al, Cit Cr S.A.E 
= 1450° F.O 
After Solution (Bull. 1 
Properties Treatment Age Hardenend No. 13¢ 
(1475° F., Air) (950° F., 24 Hrs.) Moore and 
Brinell Hardness .. 286 418 
Fatigue Limit, Ibs. per sq. in 70,000 10,000 
Ratio Fatigue Limit to Brinell 
Hardness Laehs 245 215 


results is found in the resistance of the age hardened steel to ove; 
stress. As is shown in the lower half of Fig. 11, the probabl 
age line, determined by methods already described, is far bel 


high stress—low cycle end of the stress-cycle graph for the virg; 


metal. In fact it would seem that the age hardened nickel-aluminy 


| | ih Stee/ H : 0540, 0.56 Mn, 1.84 5i,1.28 Cu —. 
1700%- F5 Min. Ot1, 850%: 4p Air 


| 


( | | | 
—Probsble rT + +-$4444}4-—+ 
Demege Line | 
| i | i! 


S——— Steel /: 055 C,0.54Mn,552Ni,1.66Al,0.11Cr 
bavytyy 1475 F5 Min. Arr, G5O%. C4 Air 
+tittt—+—-__ Rockwell-C = 44, Brinell 478 
! N Steel 4W: 0.87 C, 028 Mn, 0.28S, 
1400% Water, 8008 Air 
Rockwell-C = 44 


> Onpe ownage pe pecccenecedenqege 4b 
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> 
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OPS epeed Sut, 


Fig. 11—-Stress Cycle Curves and Probable Damage Lines (i 
Reversed Bending) for Age Hardened Copper-Silicon and Nickel 
Aluminum Steels. Data for Martensitized and Tempered 0.87 Per 
Cent Carbon Steel, at About the Same Hardness, Included for 
Comparison 
steel could not be subjected to more than a comparatively few repe 
titions of stress above its fatigue limit without being damaged bu! 
after damage occurred there was an appreciable lag before fractur: 
resulted. 
The behavior of this steel is not unique since similar effects we 
observed in a copper-silicon steel, as is shown in the upper halt 0! 
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|. This steel, containing about 0.55 per cent carbon, 0.0 pet 
anganese, 1.8 per cent silicon and 1.3 per cent copper, hardens 
» about 340 Brinell when aged subsequent to air cooling from 
emperatures. The processes of martensitization and age hard 

o, therefore, were combined to provide the same hardness, of 418 

|. as that obtained with the age hardened nickel-aluminum steel 

copper-silicon steel was first oil-quenched from 1700 degrees 
ahr. and showed a Brinell hardness of 652; it was then heated for 
| hours at 850 degrees Fahr. for the tempering of the martensite and 
oe hardening. 

The question may be raised whether the precipitation of a soft 
metal like copper could occur in such a matrix as that of the oil 
jwenched copper-silicon steel, and if it did occur, whether it con 
tributed any hardening effect. That age hardening occurred is sug 
vested by the fact that the same hardness of 418 Brinell was ob 
tained from a short reheating (1 hour) at 750 degrees Fahr. as from 
the longer heating (4 hours) for aging at the higher temperature ot 
850 degrees Fahr. Decomposition of the martensite formed on oil 
quenching should proceed further, and the hardness decrease as the 
reheating temperature and time are increased. Since the hardness 
was the same in the two cases some other factor, presumably the age 
hardening from copper, provided compensation for the more com 
plete tempering of the martensite at the higher temperature. 

The copper-silicon steel, like the age hardened nickel-aluminum 
steel, was readily damaged when stressed above the fatigue limit and, 
as is shown in Fig. 11, both steels exhibited appreciable strengthen 
ing by understressing even at stresses well below the fatigue limit. 

Neither the copper-silicon nor the nickel-aluminum steels de 
scribed show resistance to fatigue quite equal to that which can be 
developed in martensitized and tempered steels but as a better un 
lerstanding of age hardenable iron alloys is obtained, and more 
experience gained, improvement in properties can be expected. But 
iside from future developments those aspects of the fatigue resist 
ance of age hardened copper-silicon and nickel-aluminum steels, re 

repe lating to repeated overstress, have been encountered also in mar 
aged but tensitized and tempered steels and for this reason become of imme 
fractur liate interest. 


STRENGTHENING BY OVERSTRESSING IN HEAT TREATED STEELS 
ects wel 


r half ot ention was made previously that strengthening by overstress 
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ing had been observed in ductile steels by Smith®® and by 
The results obtained in alternating direct stress tests by Sn 
“rimming” steel are of special interest and are summarized 
X. Stresses about 17 to 21 per cent above the fatigue |i 





Table X 
Strengthening by Overstressing Observed by Smith* 
in Low Carbon Steel, Annealed at 1650 Degrees Fahr. 


(0.19, C, 0.60 Mn, 0.02 Si, 0.052 P, 0.047 S) 
Overstress— Final Stressing 
Lbs. Per Sq. In. Cycles Lbs. Per Sq. In. Life, | 

















ee a ies 26,200 
28,600 15.280 26.400 
28,900 30,100 26,400 222. 
29.500 45.720 26,400 97.44 


29.100 









*J. H. Smith, Journal I. and S. Inst.; 1910, No. 2, p. 246. 

{Fatigue limit, 24,400 Ibs. per sq. in., yield point 32,700 Ibs. per 
strength 61,500 Ibs. per sq. in., Elong. 27.5%, Red. Area, 57.2%, Brinell 
ratio fatigue limit to tensile strength 39.6%. 


























under the yield point, were applied 15,000, 30,000 and 45,001 
and the samples then retested at lower stresses and the life deter 
mined. After 15,000 and 30,000 repetitions of the overstress 
life at a lower stress was improved but after 45,000 repetitions dar 
age appears to have occurred since the life was then less thai 
obtained on the virgin metal. 

Smith stated that similar phenomena had been observed 
number of cases but offered no explanation of the effects. Sor 
fourteen years later Gough** in discussing these results and 
damaging effects of overstress observed by other investigators 
higher carbon steels stated—‘‘We shall see later that the effects « 
repetitions of an unsafe range of stress upon the crystalline structur 
can be divided into two stages; during the first stage the crystallin 
structure of the metal is changed by a process of “‘slip”; the con 
mencement of the second, and later stage is marked by the torma 
tion of actual cracks in the metal. It appears probable that 1f th 
action of overstressing be arrested before the “cracking’”’ stag’ 


reached, then no serious effect would be observed on the origin 





fatigue range; in fact, as the process of “‘slip” is essentially a hard 


See footnote (6) 











*6See (7 
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England. 


J. Gough, “‘The Fatigue of Metals,’ 1924, p. 110; Scott, Greenw 
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howed evidence of strengthening, as is illustrated in Table X1. 
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ocess, it appears probable that an icrease in the fatigue 
ioht result by judicious overstressing.” 
lies of the fatigue resistance of martensitized and tempered 
ntaining medium and high carbon contents revealed no 
ening by overstressing except in the case of a nickel-silicon 
ntaining about 0.5 per cent carbon, 3 per cent nickel and 1.6 
silicon, oil-hardened or hardened and tempered at 675 de 
Fahr. 
these two conditions of treatment this steel showed high re- 
to fatigue and the stress-cycle curve for the oil-quenched 
s, not tempered, was parallel to. and about 10.000 pounds per 
inch above, that of the samples tempered at 675 degrees Fata 


verstressed in either condition of treatment, the nickel-silicon 
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Effects 
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Table XI 


of Overstress (in Repeated Bending) on the Fatigue Resistance of Nickel-silicon 


Steel (Melt 10C). (0.49 C, 3 Ni, 1.6 Si; Oil-quenched from 1575° F.) 






Overstress Final Stress 
Cycles Lbs. per Sq. In. Life, Cycles Remarks 
Not Tempered (fatigue limit 112,000 lbs. per s 
= alates 130,000 190.000 
5.000 i30.000 810,000 Improved by overstress 
ee Se 120,000 1,000,000 


25.000 120.000 7.600.000 Improved by overstress 





F, (fatigue limit 100,000 Ibs. per sq. in.) 
af ee 110,000 1.200.000 
50.000 110.000 10,200,000 Improved by overstress 
25.000 110.000 10,100,000 Improved by overstress 


he importance of this effect may be illustrated by comparing 


‘havior of the nickel-silicon steel with that of overstressed 


spring steel, at spring temper. Both steels were repeatedly 


tressed at 125,000 pounds per square inch, equivalent to 125 per cent 


} 
LiC iI 


fatigue limits. The carbon steel was subjected to 25,000 


ind the nickel-silicon steel to from 25,000 to 50,000 cycles. 


nickel-silicon steel was also abused more severely by stressing 


( 
{ 


150,000 pounds per square inch for 25,000 cycles. The fatigue 
esistance was then determined as on the virgin metal. 


\c 


is shown in Fig. 12, the conditions of overstress which dam- 
‘carbon spring steel improved the fatigue resistance of the 
silicon steel. While originally the fatigue limits of the two 
ere the same, the overstressed nickel-silicon steel showed a 
imit about 30 per cent higher than that of the overstressed 
pring steel. 
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It has not been practicable, with the time and _ faci 
able, to determine the origin of strengthening from oy, 
in the fatigue tests but the magnitude of these effects in 
silicon steel, Melt 10C, would seem to justify speculati 
causes and a description of some additional experiments 
such phenomena. 


The transition from the first stage of slip to the se 


Stee! 4W: 0876, 0.28 Mn, 028i 
u 400% Water 800% Rockwell-C= 44 
mu Same after 128000 lbAn@ tor 26,000 Cycles | 
Steel 100: 049C,3 Ni,165i 
0 1575 Foil, 675 F Rockwell-C=49 
e Same after 125, 000 lb//n? lor 25/ 50,000 
Oycles or 150,000LL//n2 for 25,000 Oycles\ 
sinh 1} I | 
SE Me aan on 1— + + ——— 
pe - rrr —— t A 
ih T Stee : 
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% 

cw 
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d 
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~~ 
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5tress , 1000 lb. per 5a. /n. 
S R 
Ss S 


Cycles 


ig. 12—Effect of Overstressing on the Fatigue Resista: 
Per Cent Carbon Steel and a Nickel-Silicon Steel 


ot crack formation mentioned by Gough** might be conceived 
progress more gradually in steels with 0.5 per cent carbon, like tl 
nickel-silicon steel, than in high carbon steels which acquire higher 
hardness when quenched. A low rate of damage might afford a 
opportunity to observe strengthening from overstressing, but if su 
was the origin of the described results overstressing could be © 
pected to have brought to light similar effects in other steels soften 
by tempering at 800 degrees Fahr. or higher temperatures aft 
hardening. The fact that strengthening from overstressing was 
served only in one nickel-silicon steel melt suggests that it 1s peculi 
to this steel, in the group considered, and arises from some oth 
source. 

Vickers hardness tests made on fatigue test specimens, bet 
and after strengthening by overstressing showed no evidence of hard 
ening nor were any irregularities apparent in the hardness-t 
ing temperature curves obtained on the nickel-silicon steel as is show! 


in Fig. 13. Izod tests, however, revealed a sharp drop in the impac' 


1 fen, 


energy absorbed when the tempering temperature was raise 


2*8See footnote (27 
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i} 

Vv 2 » 

Oo Nicke/-Silicon Stee/ 
——$+{+— _ 0.490, SNi,165/, + 


1575. Oil Quench _ | 
Jzod /mpect LN 





600 G00 1000 700 800 
Tempering Tempereture , F 
Effect of Tempering on the Hardness and Impact Resistance of Ojil-Hardened 


Steel (Melt 16 C). 
14—Susceptibility of Nickel-Silicon Steel, 10 C to Temper Brittleness 


to 800 degrees Fahr., with recovery made after tempering at 
1100 degrees Fahr. 
The tests recorded were made on round bars 0.450 inch in diam 


eter with notches 4g inch deep having a radius of ' inch, and the 


Ww impact values after tempering at 800 degrees Fahr. were con- 
firmed in four successive sets of experiments. 

The usual tests were made for susceptibility to temper brittle- 
ness and, as is shown by the summary in Fig. 14, the nickel-silicon 
steel showed the high susceptibility ratio of 5—that is, the Izod 
impact values of the samples water quenched from the tempering 
temperature of 1200 degrees Fahr. were 5 times those obtained on 
the samples furnace cooled. The fact that the nickel-silicon steel, 
which was susceptible to temper brittleness was the only one of a 
large group studied which was strengthened by repeated overstress- 
ing in the original fatigue tests suggests that the two phenomena may 
he related. 

Temper brittleness may be considered to represent one type of 

The re 

ts of such decay vary widely in iron alloys. In some cases, as in 
the copper-silicon and nickel-aluminum steels already discussed, 
s accompanied by marked increases in the hardness while in 

mper brittle steels the suspected decay usually is not accom 


by significant changes in the strength or hardness but is 
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reflected, to the greatest degree, in losses in the resistance: 






































of notched bars. 

It is not known exactly why such differences exist bu 
be conceived to originate from differences in the nature of 
and solvent, the character of the products of decay and 
tribution throughout the steel. 

The decay of supersaturated solid solutions postulat ! 
precipitation which can often be initiated by cold wor Deca 
may conceivably also be initiated by the slip or locali 
tic flow resulting from repeated stressing above the fatigue lim) 
and it might be postulated that deposition of finely dis 


CTS 
ticles in the slip planes can obstruct slip and thereby strengt! 
metal. 

Aging requires diffusion which, according to the hypoth 
suggested, must occur at atmospheric temperatures unless the ener 
expended in producing slip, being converted into heat, raises 
temperature locally at the slip planes by an appreciable amount 
Aging at atmospheric tempesatures is not unknown in iron, 
there is the added assumption that cold work—that is, slip 
accelerate the aging. 

While this is not known to have been observed in iron allo 
Schmid and Wassermann*’ have shown that cold work increases th 
rate of aging of duralumin at atmospheric temperatures and this ei 
fect is, therefore, not unknown in metals. 

Strengthening from overstressing could, perhaps, originate trot 
other sources, notably as a result of the healing of slip planes, an 
elastic recovery, produced by heating, but this would seem to b 
improbable, except under restricted conditions, in view of the results 
long since reported by Moore and Jasper*' (summarized in Fig. 15 
and others.*? Axial tensional overstress repeated twenty times at 
from 15 to 70 per cent above the fatigue limit of sorbitized 0.4! 
per cent carbon steel, followed by reheating in boiling water, or 3 
months aging at atmospheric temperatures, showed no strengthening 
in the tests made by Moore and Jasper but only damage as the 





overstress was raised to, and exceeded, the proportional elastic limit 








2°W. Koster, Archiv. f.d. Eisenhuettenwesen, 1929, 503 


®FE. Schmid and G. Wassermann, Metallwirtschaft, 1930, 421. 






“University of Illinois Experiment Station, Bulletin No. 136, 1922, 65 





See for example, references given in The Fatigue of Metals, by H. J. G 
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rther evidence to support the view that healing and elastic 
were probably not responsible for the appreciable strength- 
, overstressing of the nickel-silicon steel is given by the re- 


overstress tests on two pairs of specimens of a nickel-molyb- 


steel, not susceptible to temper brittleness. 


iplicate specimens of this steel were repeatedly stressed above 


+ 
i 


o Jested immedistely | 
O Boiled before testing _ 


—— e@ Rested 5 Months 
Lefore testing 


+ 


Decrease of Endurance Limit, Per Cent 
kield Point - 


j 20 JO 40 50 60 
Tensile Stress,Applied 20 Times, 
in Per Cent above Origine! Enaurence Limit 


Fig. 15—Diagram Showing Effect on Endurance Limit of 
Direct Axial Static Stress Applied Twenty Times. (After 
Moore and Jasper.) 


the fatigue limit under conditions which did not produce damage and 
also for a sufficient number of cycles for damage to occur. One 
specimen of each pair was then immediately tested at the fatigue 
limit of the virgin metal (previously determined) and if failure did 
not occur in 10 million repetitions the stress was raised and the life 
letermined. The second specimen of each pair was tested similarly 
but only after being heated for 3 hours in oil at 212 degrees Fahr. 
and cooled. The results of these tests are compared in Fig. 16 with 
the stress-cycle curves and scatter bands for the virgin metal and 
it is evident that no appreciable strengthening (i.e, no appreciable 
improvement in fatigue resistance) was produced either by over- 
stressing or subsequent heating. 


While the nickel-silicon steel showed persistent improvement on 
overstressing when tempered at 675 degrees Fahr., or not tempered 
after hardening, no strengthening was developed by over- 


ino 


ig those samples water-quenched or furnace cooled from a 



















932 TRANSACTIONS OF THE A. S. S. 7 








higher tempering temperature of 1200 degrees Fahr. Thx 
to damage at stresses above the fatigue limit was poor ai 
of these two latter conditions of treatment, and the grap! RF; 
17 resemble those for the age hardened nickel-aluminum ai 













































































































Steel 4V: 0.72 C, 2.1 Ni, 0.5 Mo het 
1375F. Oil, 550°F. 5O Hp Air 
| 0 Qverstressed 1F0.000lb/Iné 50000 Lytles | 
.~ © Same followed by Shrat 272°. in Oil 
S .140 radi rrhym oo ed 
> | || | || | 
e TTTTHT + errr 
d i 
Q 
§ 700 
& 160 Stee! 4h: 0.72C,2.1 Ni, 0.3 Mo 
& 1700 F to Salt at 580% 5Min., Air Coo 
pas (——_- Qverstressed 105,000 1b/In2 40,000 bycles 
® y Ft et 212 F in Oi! 
& 120 REaE the 
) e 
Va 
a 
Fig 16 [The Effects ct Repeated Overstress and Subsequet 
Heating of Nickel-Molybdenum Steel in Relation to the Stress Cy 
Curves and Approximate Scatter Bands for the Virgin Metal 
S 
S | Steel 100: 0.49C, 083 Mn,1.65 Si, 5.02 Ni 
7 OD | ii] 1575 F Oil Quench 
8 spoT) 9° 200%,2r Water = 1200, ZH Furnace 
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Fig. 17—Effect of Cooling Rate, from a Tempering Temperatut 
1£ 1200 Degrees Fahr. on the Fatigue Resistance of an Oil-Hardened., 
Temper Brittle, Nickel-Silicon Steel (Melt 10 C). Ratio of Fatigu 
Limit to Tensile Strength: 61.5 Per Cent for Water-Quenched Sam 
ples. 56.5 Per Cent for Furnace-Cooled Samples 
silicon steels previously described (Fig. 11), both as regards th 
character of the stress-cycle curves for the virgin metal and the 
position of the probable damage lines. O78 
Was 
There are important differences between the undecayed sam i 
ples tempered at 1200 degrees Fahr. (then water-quenched) an 7 
< Jit) 
those tempered at temperatures below the range of decay (6/5 « 7 


grees Fahr.), or not at all after hardening, which might accoun! 
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differences in behavior in overstressing in the fatigue tests 
tention was called previously to the conception that stress is 
not formly distributed in the usual polycrystalline metal speci- 
mens as a result of differences in crystalline orientation, chemical 


heterogeneity, etc. As is shown in Table XII, the fatigue limit of 












Table XII 
Proportional Limits and Fatigue Limits of Nickel-silicon Steel, 
10-C, Tempered at Different Temperatures 









Prop. Fatigue Ratio Fatigue 
ed from 1550 Degrees Limit, Limit, Limit to Prop 
lempered as Indicated Lbs. per Sq. In Lbs. per Sq. In Limit, Per Cent 
















I, air ae ee re ae 203,000 100,000 49 
Po water GUenen 2... ceue. 110,000 80/85000 7 








the nickel-silicon steel samples tempered at 1200 degrees Fahr. (and 
yater-quenched to avoid decay) is much closer to the proportional 
lastic limit than is the case in the harder samples tempered at only 
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Fig. 18—Relation Between Tensional Elast« 
Properties and Fatigue Limits (Reversed Bending) 
of Nickel-Silicon Steel, 10-C Ojul-Hardened from 
1550 Degrees Fahr. and Tempered as Indicated 














0/5 degrees Fahr. At stress around the respective fatigue limits ot 
these two crystalline aggregates there should therefore be a greatet 
probability of individual crystals being subjected to overstrain, 1. e.. 
to stresses above the proportional limit—in the softer steel than in the 


‘ 


harder 
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But in addition to the greater probability of localized 
overstrain (slip) the softer samples may be strained to 
degree by a given slight overstress than the harder ones 
comes evident in a comparison of the stress strain curves 

Localized overstrain and strengthening from the sus; 
ticle deposition would not be expected to occur in the hard 
less stresses appreciably above the fatigue limit were app 
the proportional limit of the crystalline aggregate is about 
fatigue limit. 

The softer samples, with the greater probability of 
overstrain, might decay under applied stresses at or just above 
fatigue limit of the crystalline aggregate. The fatigue limit actu 
observed with the usual testing technique of determining the lift 
different stresses should, then, be that of the crystalline ager 
plus the strengthening from the particle deposition in the slip plan 
Improvement having already occurred no further strengthe 
would be expected on repeated stressing above the observed fatig 
limit. 

Some additional evidence is available in support of these views 
apart from the known instability of many supersaturated solid solu 
tions, and the fact that slip has been observed in many metals bel 


the fatigue limit. As is shown in Table XIII, the decay which « 
























Table XIII 
Mechanical Properties of Nickel-Silicon Steel, 10C, Quickly Cooled and Slowly 
Cooled After Tempering at 1200 Degrees Fahr. 


Prop. Yield Tensile Elong. Red. Fatigue Fat 
Limit, Point, Str., me. Area, Limit, Rat 
Heat Treatment Ib. /in Ib. /in. lb. /in. c % lb. /ir 
1575° F. oil; tem 
pered 2 hrs. at 1200° 
F. and 


Water Quenched ....110,000 120,000 138,000 24.5 56.8 85.000 
Furnace Cooled ..... 125,000 130,000 141,250 22.0 48.6 80,000 ¢ 


(1) Ratio of fatigue limit to tensile strength. 










curred during slow cooling of the nickel-silicon steel LOC from 120 
degrees Fahr. raised the proportional elastic limit and yield point 
some ten or fifteen thousand pounds per square inch above that of tht 
undecayed steel without any significant change in the tensile strengt! 
(or hardness). While the undecayed samples had the lower elast 
properties in tension tests the fatigue limit was actually a little highe: 
than that of the thermally decayed steel, a condition which suggests 
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s not establish that decay and strengthening occurred under 

d stressing. 
should also be noted that the ratio of the fatigue limit to the 
strength of this nickel-silicon steel, oil hardened and tempered 
1200 degrees Fahr., was about 50 per cent in the samples furnace 
ooled from the tempering temperature and 61 per cent for those 


vater-quenched. These values are both on the high side of the range 


\ 


35 to 55 per cent) ordinarily found in steels and the latter, ob- 
rained on undecayed samples, might be a reflection of slip interfer- 
ence produced by particle precipitation in the slip bands formed dur- 
« repeated stressing. 

The data, on which these speculations are based, were all ob- 
tained on one melt of nickel-silicon steel produced in a high fre- 
quency furnace. Tests were made on a second melt, produced in an 
electric are furnace with oxidizing and conditioning slags, but only 
samples quenched and tempered at 675 degrees Fahr. were prepared. 
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Fig. 19—Fatigue Limits and Resist ince to QOverstress (in Re 


versed Bending) of Two Melts of Nickel-Silicon Steel, Quenched 
and Tempered to Rockwell ‘‘C’’ Hardness of About 49 


will be recalled that after such heat treatment the first melt 
(10C) was strengthened by overstressing but as is shown in Fig. 19 
the second melt (10K) with a susceptibility to temper brittleness of 
l2, instead of 5, did not exhibit similar effects. It was readily 


from 120 damaged by overstress, although the high stress end of the stress- 
yield point cycle curve for the virgin metal was about the same as that of the 
. that of the irst melt (Fig. 19). On the other hand, the fatigue limit and the 
ile strengt! ratio of the fatigue limit to tensile strength of the second melt (10K) 


ower elast! were “oe than those of the first melt, even after strengthening by 
little higher overstressing. The differences between the two nickel-silicon steel 
ch suggests melts n the fatigue tests were, therefore, mainly in the behavior at 
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or close to the fatigue limit and they might result 


solutions, or both. 














broke at lower stresses than the first melt, 1OC, ar 
portional elastic limit of 188,000 pounds per s 





15,000 pounds per square inch lower than that « 





Presumably the second melt was in a more highl 








of the differences in behavior of the two melts in 








is not now known. Both gave indications of sol 











be in one or more of the variables cited. 
At this point it may be helpful to summarize br 





observations and to differentiate between them a1 





advanced in explanation of the described effects. 





are essentially that a temper brittle nickel-silicon 





ceptibility ratio of 5, showed strengthening by ov 





peated bending tests on oil-hardened samples and t 





and tempered at 675 degrees Fahr. Samples of t 





hardened and tempered at 1200 degrees Fahr., 





quenched or furnace cooled from the tempering 








of 12, oil-hardened and tempered at 675 degrees F% 





poor resistance to overstress but initially rather h 





and high ratios of fatigue limit to tensile strength 











aluminum steels. 











supersaturated solid solutions, initiated by slip. 








prove the resistance to fatigue. 





Differences analogous to those observed in the 


















%See footnote (7 





tion than the first and more readily susceptible to slip but th 


of some sort and the dominant cause of the differences mi 





from 


in the ease of slip, the rate of decay of unstable supersatu 


In tensile tests, the second melt of nickel-silicon st 


1d show 
juare in S01 
f the { melt 


iy Stresse 


the fatigue tests 
id soluti leca\ 


Wont we 


‘iefly the record 
id the hypothesis 
The obse1 Vations 
steel, with a su 
erstressing in 
hose oil hardene 
he same melt o 
whether wate: 


temperature, 


samples from a second temper-brittle melt, with a susceptibility rati 


thr. had relatively 
igh fatigue limits 


. Their behavior 


in the usual fatigue tests, and when subjected to overstress, resem) 


in several aspects that of age hardened copper-silicon and_nicke 


It was postulated that the strengthening by overstressing in thi 
fatigue tests and the high fatigue limits were the result of decay 


Particle precipita 


tion in the slip bands was conceived to obstruct slip and so to in 


two nickel-silic 


steel melts are found in the results of tests on two normalized lo\ 
carbon steels reported by Aders.** As is shown by the summary 
Table XIV, Aders’ low carbon steel (W) which showed a somewhat 
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Table XIV 
in the Behavior of Temper Brittle Nickel-Silicon Steels and Carbon Stee! 
Susceptible to Aging Embrittlement (1) 


Suscepti 

bility to Fatigue Effect otf 25% overstress 

tempe1 Limit for designated number ot 
Composition, % brittleness of virgin cycles on fatigue limit 


or aging metal, Effect 
‘mbrittlement lb. /in. Cycles Lb. /In 
5 100,000 »5 000 Raised 10.001 


12 120,000 25,000 Damaged 


| uGcr € asc &@ 

Smaller that 32,7 100,000 slightly and in 
» same amount as 

when strength 

ened by unde: 

stressing 

Larger than 3 100,000 Damaged 


W 


Data on carbon steels from tests by K. Aders, See footnote (7) of the text 
The carbon steels were normalized, the nickel-silicon steels oil quenched tron 
F. and tempered at 675° F. 


smaller susceptibility to aging embrittlement than his steel S had 


i lower fatigue limit and was strengthened slightly by overstressing 


he author’s nickel-silicon steel, LOC, which showed a smaller sus 


ceptibility to temper brittleness than steel 1LOK, likewise had a lowe: 


fatigue limit and was strengthened by overstressing. 


\ders’ low carbon steel S, with an initially higher fatigue limut 


than steel W, was damaged by overstressing. Similarly the nickel 
silicon steel 1OK, with an initially higher fatigue limit than steel 


lOC, was damaged by overstressing. 


These analogies are not submitted as proof of the hypothesis 


idvanced in explanation of the observed effects but they suggest 


that the latter are perhaps more broadly prevalent and therefore 


i} somewhat greater importance, than might be inferred solely trom 


the results of tests on the nickel-silicon steels. 


[ENSIONAL OVERSTRAIN IN TEMPER BRITTLE NICKEL-SILICON 
STEELS 


it slip in the fatigue tests of the nickel-silicon steel samples tem 
ered at 1200 degrees Fahr. and water-quenched caused decay of a 
supersaturated solid solution and raised the fatigue limit, then the 


sip produced by static tensional overstress should cause decay and 


perhaps be expected to become evident in stress-strain curves 
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According to early researches carried out by Bauscl 
tensional stress above the elastic limit, but below the yi 
should produce an immediate increase in the elastic limit, tl 
tude of this effect increasing as the overstress approaches 


Vie 
point. But with an overstress above the yield point there | 
mediate loss of elasticity. 

If the conclusions reached by Bauschinger are generally a 
plicable both to carbon and alloy steels in different conditions 
treatment and the overstress is kept below the yield point, immediat, 
re-testing would be expected to show an increase in the proportiona 


elastic limit. If strengthening from the decay of a supersaturat 
solid solution were to be superimposed on this, a somewhat larg 
increase in the proportional limit might be expected than when deca: 
was absent. 

Few investigators have studied overstress within the range ly 
tween the proportional elastic limit and yield point and there 
therefore some doubt as to whether the conclusions drawn from th 
early work of Bauschinger are generally applicable. 

Low carbon boiler steel, susceptible to aging embrittlement, an 
2 per cent nickel boiler steels known to resist aging effects subse 
quent to cold work showed no increase in the elastic properties whe 
subjected to overstress between the proportional elastic limit and th 
yield point even on repeated loading. When overstressed within the 
yield range, however, the immediate effect was a lowering of th 
elastic properties. 

This suggests that immediate increases in the proportional elasti 
limit resulting from slight overstrain in the Bauschinger tests maj 
have been due to supersaturated solid solution decay but because ot 
the wide variations in the character and effects of aging phenomena 
it is not to be expected that all steels susceptible to aging will show 
elastic strengthening immediately after overstrain. 

Absence of elastic strengthening immediately after a small over 
strain is not to be taken as evidence of the absence of decay ot : 
supersaturated solid solution since particle deposition may not a! 
ways have an appreciable hardening effect; but when strengthening 
is observed it would seem probable that the origin is in such effects 
at least in steels which are initially relatively free from stress. 

Tensional overstress tests were made on decayed and undecaye( 


“Mitt. Mech.-Tech. Lab. Kgl. Tech. Hochs., Heft 13, Muenchen, 1886 Lingiers 
polytech. Jour., Bd. 224; Civil ingenieur, 1881. 
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f 20—Effect of Static Tensile Overstrain on the Stress-Strain Relations of Nickel 


n Steel (10 C) in Temper Brittle and Non Temper Brittle Conditions. Zones of Depa 
m the Apparent Propcrtionality Between Stress and Strain are Indicated by the Arrows 


samples of the nickel-silicon steel, 10C, i. e., samples furnace cooled 
trom a tempering temperature of 1200 degrees Fahr. and samples 
water quenched from 1200 degrees Fahr—and the results are as- 
sembled in Fig. 20. The tests were made with a Ewing extensometer 
with smallest direct reading of two ten thousandths inch and the 
results have been summarized, not by the usual stress-strain curves 
but by curves showing changes in the rate of strain with increase 
In stress. 

Comparison of curves A and E with C, in Fig. 20, shows that the 
proportional limit of the steel in which decay occurred in heat treat- 
ment was higher than that of the same steel when decay was pre- 
vented before test. Small tensional overstrain, as defined by the 
values of set in the chart, lowered the proportional limit of the 
thermally decayed steel (compare C and D) but raised the propor- 
tional limit of: the undecayed samples to values approaching that of 
the decayed steel (compare A and B, also E, F and G, with C). 
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These effects may be considered to support the hypo 
vanced in explanation of the behavior of the undecayed sa . 


the nickel-silicon steels in the fatigue tests. As the repe: 
plied stresses approached the fatigue limit of the undecay 
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Strain Increments for 1000 lb fin? Stress Increese, 0.0007 ln// 
Kig. 21—-Erfect of Tensile Overstrain on the Stress-Strain Relatior 
in Nickel-Silicon Steel (10 P) in Temper Brittle and Non Temper Brittle 
Conditions. Zones cf Departure from the Apparent Proportionality B« 








tween Stress and Strain are Indicated by the Arrows. Steel Contains 
0.46 Per Cent Carbon, 0.81 Per Cent Manganese, 1.49 Per Cent Silicor 
2.94 Per Cent Nickel and 0.51 Per Cent Chromium. Charpy Impact 


Values When Oil-Quenched from 1575 Degrees Fahr. and Tempered 
2 Hours at 1200 Degrees Fahr., were as Follows: In Temper Brittl 
Condition Equals 2 (Furnace-Cooled from 1200 Degrees’ Fahr.); I: 
Non Temper Brittle Condition Equals 22 (Water-Quenched from 

Degrees Fahr.). 

















slip probably occurred and caused decay. Particle precipitation 
the slip bands is conceived to have provided increased resistance 
slip and to have raised the fatigue limit. 

In carrying out these overstress tests on the nickel-silicon stee 
lOC, it was intended that the set produced before reloading shoul 
be the same in the decayed and undecayed samples but there wa 
such an abrupt departure from the apparent proportionality betwee! 
stress and strain that close control of the set was difficult 11 not 
impracticable. 
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1e set produced in the decayed steel prior to immediate reload 
s greater than that in either of the undecayed samples (5.8 
3.5 or 2.1x10°* inch/inch), and in view of the Bauschinget 
it may be suggested that with a smaller set there would have 
ee?) an increase instead of a loss in the limit of proportionality on 
verstress of the thermally decayed steel (curves C and D). 
Similar overstress tests were made on a third nickel-silicon steel 
1OP, containing 0.46 per cent carbon, 0.81 per cent manganese, 


1.5 per cent silicon, 2.9 per cent nickel and also, 0.5 per cent 
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Fig. 22—-Change in the Proportional Elastic Limits 


in Nickel-Silicon Steels, Melts 10 C and 10 P, as a 

Function of the Strain (Set) Produced Before Re 

Testing in Tension at Room Temperatures. This Chart 

is to be Interpreted Only as an Indication of Differ 

ences in Behavior in the Temper Brittle and Nor 

Temper Brittle Conditions 
chromium, and the results are shown graphically in Fig. 21. In the 
tests of this steel, which showed a high susceptibility to temper brit 
tleness (ratio = 11), the overstrain applied to the thermally decayed 
sample (B) was somewhat smaller than that applied to the undecayed 
steel (D), yet the former showed no change in the limit of propor 
tionality trom overstrain while, once again, an increase was observed 
in the latter. 

Uhe changes in the limit of proportionality on overstrain of the 
thermally decayed and undecayed nickel-silicon steels 10C and 10P 
ire plotted in Fig. 22 against the amount of overstrain (set). This 
a . . ' ° ine . 
combination of the results obtained on two different melts of steel, 


ne with and one without appreciable proportions of chromium, is 
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intended only to show that there was a consistent differ: 
behavior of the thermally decayed and undecayed steels. 
undecayed steel appears to follow the laws deduced by Ba 
previously mentioned, there being no increase in proporti 
limits observed on overstrain of the Thermally decayed met 
the limits investigated. 

Tensional overstress tests were also made on the nic! 
steel, 10C, oil-hardened and tempered at 675 degrees Fahr.. 


dition in which strengthening by overstressing was obser\ 
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Fig. 23—Effect of Tensile Overstrain on the 
Stress-Strain Relations in a Nickel-Silicon Steel (10 C) 
Oil-Quenched from 1575 Degrees Fahr. and Tempered 
at 675 Degrees Fahr 


fatigue tests. Decay of the supersaturated solid solution should 
have occurred with this treatment (see Fig. 14) and as is shown i 
Fig. 23 there is again distinct evidence of hardening from overstrai 
(region AB) although increase in the proportional elastic limit 
not so clearly defined as in the undecayed samples tempered at 120! 
degrees Fahr. 

While the evidence obtained in the tension tests is all circw 
stantial it is consistent with the hypothesis that slip caused decay | 
supersaturated solid solutions in the nickel-silicon steels and, throug! 
particle deposition in the slip bands, resulted in the strengthe 
observed in the fatigue tests. 
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the light of these results one can hardly refrain from raising 
estion whether the strengthening on overstressing reported 
ith®® and by Aders*® in tests of low carbon steels, may not 

e the result of aging phenomena initiated by slip produced in 

fatigue tests. 

\s is now weli known, low carbon steels are susceptible to aging 
ohenomena, which may be detected by impact tests on notched bars, 
before and after cold working followed by reheating. In some low 
carbon steels the losses in impact resistance, found a few moments 
after cold stretching, are about as large as those observed in other 
melts only after the cold working is followed by reheating to several 
hundred degrees Fahr.*7 Can it be that this rapid decay is indic 
ative of conditions which also favor strenthening in fatigue tests? 

So far, discussion of the nature of the atoms and the precipita 
tion believed to be responsible for the strengthening effects in the 
fatigue tests has been avoided. Information of this sort is not 
readily secured since, with the usual methods of examination, the dis 
persion seldom has been visible in alloys susceptible to aging phe 
nomena. 

The precipitation accepted as the cause of temper brittleness 
may not be that which caused the strengthening under repeated 
stressing since the former occurs at relatively high temperatures 
around 1100 degrees Fahr. at which diffusion can readily take place, 
while the latter is observed under stresses applied at atmospheric 
temperatures. On the other hand the atoms now believed to diffuse 
most readily at atmospheric temperatures, such as carbon, are not 
known to produce strengthening effects comparable to those shown in 
the repeated stress tests. The fact that the nickel-silicon steel showed 
about the same fatigue limit in samples allowed to decay during 
thermal treatment as when decay is believed to have occurred under 
repeated stress suggests that the atoms responsible were of the same 
type in both cases. Since diffusion is an essential in aging phenomena 
and it does not, in general, occur as readily at atmospheric temper- 
atures as at much higher ones, a decay caused by mechanical stresses 
may perhaps be viewed as an incipient atomic agglomeration whereas 


that which occurs during slow cooling at relatively high temperatures 


ee tootnote (6). 


e tootnote (7). 


tor example, H. J. French and C. M. Schwitter, ‘‘Nickel Steels Resist Embrittl 
n Age, July 14, 1932, Fig. / 
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may be conceived to have progressed much further insoj 


ticle growth is concerned. 


But these are wholly specul 
must be left for further research. 







CONCLUSION 





In this study ot the fatigue resistance of hardened st 


attempted to assemble data which would provide an apprais 


processes of age hardening and martensitization. 


such an appraisal cannot be complete and it must be 


changes as a better understanding is secured of the pro 


volved. 


Hard martensites require appreciable proportions o 


austenite, or decomposition products, for high resistance t 


a condition which is probably the result of the role of austenit 


decomposition products in altering the residual stresses 


sitized steels or in allowing readjustments under subsequent 


stress. 


High resistance to fatigue at high hardness may, theref 


most readily obtained by the introduction into the steel of those 


ments which tend to retard the decomposition rate of austenite at | 


temperatures. 


Retained austenite appears to be much less important 


in medium carbon 


when quenched. 


The fatigue limits (in reversed bending tests) pro 


ge hardening of copper-silicon and nickel-aluminum steels, at arout 


age | 


100 Brinell, were approximately the equivalent of those obtain 


in martensitized and tempered steels at the same hardness 


resistance to occasional overstress of these age hardened steels was 


not so good, however, as that of the martensitized and temper 


steels but the results obtained indicate that age hardening, whic 


heretofore has been viewed to be more of a liability than an asset 1! 


iron alloys, can provide useful properties. 


Further studies of the fatigue resistance of age hardened steels 


will be required before any comprehensive appraisal can 


but already it should be apparent that the processes of martensitiza 


. . . . . . o 1 ] 
tion are no longer in the unique position which they formerly he 


in meeting the requirements of high hardness, high strength 


resistance to fatigue in ferrous metals. 


Nickel-silicon steels, susceptible to temper brittleness, 


either strengthening on overstressing in fatigue tests or 
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atigue ratios, up to about 60 per cent. It was suggested that 

properties might be the result of aging effects, which are now 
known to be widely prevalent in steels, and which are believed to 
he due to the decay of supersaturated solid solutions. It was postu- 
lated that decay was initiated in the repeated stress tests at at- 
mospheric temperatures, by crystalline slip. Under certain con- 
litions this exerted a favorable influence on the mechanical proper 
ties of the steel. 

While it is not certain that the precipitated particles, believed 
to be responsible for temper brittleness, were the same ones which 
caused the desirable strengthening by overstressing in the fatigue 
tests. circumstantial evidence suggests that the two sets of effects 
originated from the same source. 

Further researches will be required to establish the nature of 
these effects and to define the conditions under which they occur, 
but the question may be asked whether temper brittleness, long ac- 
cepted as a characteristic without virtue, may not, under certain con- 
ditions, ultimately be shown to have some assets. 

[In delving into some of the many interesting aspects of the 
hardening of steels, I have obtained a new conception of the signifi- 
cance of a statement made by Professor Campbell** many years ago. 
In a paper presented before the British Iron and Steel Institute in 
[924 he stated: “That the atomic relations existing between solute 
and solvent are essentially the same in solid as in liquid solutions 
has become increasingly apparent during the past twenty-five or 
thirty years. It is now generally recognized that since steel is a solu- 
tion, most of its physical properties will depend primarily on the 
composition and concentration of the dissolved solutes. While car- 
bides are pre-eminently the characteristic solutes in steel, the com- 
position of the carbides will depend not only on the total carbon, 
but also on the composition and concentration of such elements other 
than iron as may be present.” 

\s is usual in studies relating to matters as complex as are the 
relations between the constitution and the properties of hardened 
steels, more questions have been raised than answers have been 
given, but I venture to express the hope that this discussion relating 
toa subject in which Professor Campbell was so keenly interested has 
been of interest to you and that it will, perhaps, stimulate further 
D. Campbell and G. W. Whitney, “The Effect of Changes in Total Carbon and in 


tion of Carbides on the Specific Resistance and on Some Magnetic Properties of 
‘rnal, Iron and Steel Institute, Vol. 110, 1924, 291. 
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researches to the end that we may ultimately gain a mor 
mastery over the properties of steels. 


In closing, I wish to acknowledge my indebtedness 


ber of my associates for their assistance in carrying out 


their helpful suggestions and for their willingness to alloy 
of the data described. Mr. J]. W. Sands of the Develop 
Research Department of The International Nickel Com 
has been closely associated with all of the researches fr 
the described data were taken. The fatigue tests and deter 
of retained austenite were made under the supervision of Di 
Gillett, Director, by Dr. H. W. Russell and Mr. W. A. Wek 
of the Battelle Memorial Institute. In addition, | am indebt 
Dr. P. D. Merica, Assistant to the President, and Mr. A. | 
hams, Manager of Development and Research, of The Inter 
Nickel Company, Inc., for many helpful suggestions and th 
port which made it practicable to carry out such an extensive | 
program. 
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freenth Annual Convention, Detroit, October 4, 193838 
WILLIAM B. CoLeEMAN, President 


HIS being my first opportunity to speak before a representative 
T thering of the membership, | assure you that it is an hono1 

pleasure to present my annual report. 

[he operation of the Society is no different than any business 

ation. During the past year your Society has undergone very 
rying circumstances, quite similar to an approaching storm—then 
hrough the intensity of the storm and at the present moment, a 
oradual clearing away of the storm clouds. When your Board ot 
rectors met in January of this year, they were faced with a busi 
ess situation which had never taken place in this country before 
It was necessary to carefully analyze all expenditures and operations 
f the Society with an endeavor to continue within our income. 

(he Finance Committee headed by your able treasurer, Arthu 

Clarage, met in January and prepared a conservative budget of 
income and expenditures for presentation to your Board. The report 
showed careful thought and study and was approved by all members 
f the Board. The Finance Committee met again in July and only 
minor changes were deemed necessary. The securities of the Society 
were carefully analyzed and certain changes in their type were rec 
mmended by the committee which were approved by the Board. 

Mr. Clarage and his committee are to be highly commended 
for the excellent manner in which they handled our financial prob 
lems during the past year. I am sure that you members will realize 
the effort and thought given by the committee when you hear the 
treasurer's report setting forth the financial condition of the Society 
and its excellent outlook for this year’s operation. 

Shortly after the meeting of your Board, another unexpected 
set-back in the business world was encountered and that was the 
Bank Horipay. As we all know, this situation caused business 
to reach very low proportions and it occurred at a most critical time 
tor your Society. The annual dues for membership fell due at this 
rucial time. Naturally, the situation affected many individuals in 


their payment of dues and it was necessary for the National Office 
and the chapters to function as a unit in order to handle this situation. 
he 1 


results were most encouraging as our membership loss did not 
the proportion that seemed probable due to the Bank Holiday 


ragorh 
Ca 
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My desire during my term of office was to conta 
chapters as possible, and I felt that the greatest benefit 
obtained by meeting with the chapter executive committees 





meetings it was possible to frankly discuss all matters 





to the operation of the Society as well as the local chapte: 





been able to meet with the executive committees of 90 py 





the chapters. I trust that the few chapters I did not visit 





feel slighted as I devoted all the time I could possibly affo: 





activity. I also wish to thank the executive committees of 





ters visited for their excellent attendance at these meeting 





the interest that they showed in discussing Society matters. Sor 





of these meetings took place on evenings when the temperati 





at least 100 degrees and I consider it a sacrifice for those mem 








of the executive committees who endured such heat to spend 








entire evening in the interest of your Society. 


One of the phases brought up at these meetings was the questi 








of nomination of National Officers. Considerable dissatisfactio) 





seemed to prevail with reference to the method used at the pri 








time. I deemed it of sufficient importance, knowing of the dissati 





faction and realizing that considerable harm could com 





Society, to bring the situation before the Board at their Januai 





meeting. After your Board reviewed the entire matter they decid 








to appoint a special committee of past-presidents to carefully consid 





the present method of nominations, and if they felt any changes 





were necessary, this committee was to present its recommendations 








to the Board. The committee, consisting of Dr. Albert E. \hit 





Frederick G. Hughes, with Dr. Zay Jeffries as chairman, met ear! 





in April and rendered a report. This report was published in tl 





May issue of the REvIEw and was brought up at the summer meeti 








of the Board for consideration. The Board recognized the me 





of the report and accepted the same with the expression that changes 





in the Constitution should be made according to the suggestio 








included in this committee’s report. Yesterday, this matter \ 





thoroughly reviewed by the Constitution and By-Laws Committe: 
together with your Board of Directors and a Cleveland attorney, 1 
order to make sure that all phases conformed to the laws of Oh 
[ wish to state that the Constitution will soon be forwarded 
membership for ratification. 




















Another suggestion that was brought up at almost ever) 





executive committee meeting which I attended was the name 
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Members individually and collectively pointed out and cited 
ences where the present Society name did not convey to an 
tive or individual just what your Society is doing and can do tor 
try. We must realize that there are many persons in industry 
ave heard of our name but they do not have a clear conception 
broad field that is covered by the Society and merely picture 
organization by whatever meaning the name AMERICAN 
ery FOR STEEL TREATING conveys to— them. It is the 
utive who has the power to say where his concern will lend 
ort either in advertising, support of chapters, or our National 
exposition. If the executive’s interpretation was that our Society 
only covered a specific or a small part of the metallurgical field, then 
little or no support might be forthcoming, while those who know our 
Society and are familiar with the tremendous field covered and the 
creat service that we have rendered industry, will support our Society 
in large measures. Having received so many expressions of thought 
at chapter executive committee meetings and knowing in my own 
heart that the name of the Society at the present time does not do 
us justice, I presented the entire situation at the summer meeting 
of the Board. I am happy to state that the members of the Board 
recognized the situation and have unanimously recommended that 
the name of the Society be changed so that it will be more in line 
as indicating our performance in the metallurgical and industrial 
[ am quite sure that every one of you realizes what a diffheult 

task confronts us when we start to change a name. 

Many names were given consideration, and as a suggestion, the 
Board offered “American Metals Society.” Since this was an- 
nounced, I have written to chapter executive committee members 

their further suggestions with reference to the name of the 


\ ciety. 


\t yesterday’s meeting of the Board, all replies were carefully 


considered and it has been decided to submit to the membership two 


1 


lames—AMERICAN Society FOR METALS and AMERICAN METAL- 
RGICAL Society. This change will be presented at a later date 
to the membership for ratification. 
| wish to assure those members who are not in close touch with 
operation of the Society that there is a decided advantage to be 
ed by a change in the name of your Society at this time. I ask 
our whole-hearted approval in this matter when it is presented 
u for vote. 
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| wish to thank A. B. Kinzel, chairman, and Ray ‘1 






















secretary of the Publication Committee and all of its men 
the work that they have done during the past year in r 
papers and working up the splendid technical program 
convention. 

My attention has been drawn to the overlapping of 
societies with reference to publications, but I have not coi 
the matter of serious proportion and this situation can onl) 
tified or kept under control by all of the societies conven 
discussing a general plan. 

For the past several years, L. Bb. Case, chairman, a 
Donnellan, secretary, of the Recommended Practice Committee an 
the committee members as well as the many sub-committees, have hee: 
going along in a very quiet and efficient manner revising practices 
and gathering data, to be used when the next handbook was to |x 
published. This effort was finally crystallized in the new 1933 edi 
tion of the National Metals Handbook which will be ready 


distribution immediately after this Convention. We = should feel 


proud of the progress made by this committee, for the coming Hand 
book will be considerably enlarged, containing much new data an 
valuable information. 

I wish to extend my hearty thanks to S. C. Spalding, chairmai 
of the Constitution and By-Laws Committee, and his committe: 
















members for their splendid co-operation and work in connection wit! 
the changes in the Constitution necessitated by the change in metho 
regarding the nomination of officers and other changes required | 
the Laws of Ohio. 

Many members of the Society have never realized what a valu 
able partner they have had supporting the National Society an 
chapter activities. That partner is INpUsTRY. 

During the past year when industry as well as our Society wert 
encountering the stormy days, we still received the interest and 
support of industry in advertising for Merrar Procress and th 
HANpBooK and the making possible of our annual convention by 
taking exhibit space at the exposition. Our Society through past 
years has always endeavored to render service to its members and t 
industry, and we feel that such service has been rendered, as continued 
industrial support to our activities would not be forthcoming if suc! 
service were lacking. This support by industry will surely be re 


warded in some beneficial form to those who have helped to sup 
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space in our annual show. 


providing the material for TRANSACTIONS. 
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rk and we must all remember that an industrial concern is 
iter than the make-up and knowledge of its personnel. I am 
hat the Society has been of material benefit to each and every 

you in some form or another and thus it has placed all of 

- a position to render our company better thought and _ service. 
(here are some executives who have the authority to support 

‘r activities that are not familiar with the operation of the Society. 
They may feel that the paying of membership dues is all that is 


It is necessary that we members of this Society enlighten 


tia 


those executives that are not familiar with just what the Society 


as done, is doing and can do, for the betterment of their personnel 
ind their company. A great deal is due the companies that take 
These exhibitors aid in supporting the 
National Metal Congress which includes the technical sessions, thus 
Ikveryone of you should 
visit their booths when possible; give them your order for material 
1 equipment as they are materially assisting in making possible the 
services rendered you each year by TRANSACTIONS, THE HANDBOOK, 
(ur Review, chapter meetings, the annual convention and many other 
services. Without this support you can be well assured that all of 


Your 


Society would then be faced with either curtailment of service or 


this service could not be given with the dues that you pay. 
advancement of dues. I wish to thank most heartily all companies, 
individuals and others who have supported the Society through ad- 
at the their faithful 
assistance during the past year and for its continuance. 


vertising or taking exhibit Space show for 

During my visits with chapter executive committees, I have 
observed that all of them showed keen interest in the operation of 
their chapters. Naturally, the chapters have felt the effect of smaller 
income, but [ can safely state that no chapter has suffered excessive 
financial losses during the year except a few who have been handi- 
capped on account of their funds being tied up in closed banks. To 
such chapters the National Society has extended financial help which 
is Just and proper. We all must realize that the chapters are the 
backbone of our Society and it is their activity in the past that has 
placed the Society in the position it holds today and their continued 
activity will raise it to even greater heights. 

One of the outstanding accomplishments by a chapter has been 
lucational work performed by the Cleveland Chapter in realiz 


increase in membership through this educational work, to the 
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extent that they have become the largest chapter in the Soci 
shows excellent organization, interest and acquisition of resu 

A number of chapters this year have assembled in er 
meetings and this activity should be further encouraged as 
neighboring chapters to become better acquainted and attra 
local attendance. 

Affiliated with our Society in the National Metal Cong: 
the Institute of Metals Division and the Iron and Steel Divisio 
of the American Institute of Mining and Metallurgical Engineers 
the American Welding Society; the Machine Shop Practice Divisio; 
of the American Society of Mechanical Engineers; and the Wir 
\ssociation. 

This assembling of societies has been of paramount importan 
to the success of our annual conventions. We have been leaders 
in this field and the splendid relationship that has grown from thes 
assembled meetings has proven of great benefit not only 
participating societies but to their memberships as a whole. | wis! 
to express my thanks to these societies convening with us this 
and congratulate them on the fine technical programs which they 
presenting this week. 

[ wish to express at this time, my thanks to the officers a 
members of the Board for the hearty co-operation they have give: 
me. Each and every one has given willingly of his time and valuabl 
suggestions. Very few members realize the time required by 
board member away from his business in the course of a year. 

It is readily understood that the Society’s affairs cannot 
completely carried out by the members of your Board, and we ow 
considerable thanks to our secretary, W. H. Eisenman, and his 
efficient staff for their constant, diligent and continued efforts 
maintain the great service that has been rendered to individual and 
company year after year. 

Our Society has grown by leaps and bounds since its formato! 
We have successfully weathered the trying times during the past 
two years and in order for us to continue to grow, we must hav 
harmony throughout the entire Society so that we can all be united 
in increasing our membership and seeking new channels whereby 
we can better serve our membership and industry. Only by so doing 
can we continue to thrive. 
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REPORT OF THE TREASURER TO THE ANNUAL 
MEETING— October 4, 1933 


ARTHUR T. CLARAGE, 7 reasure) 


e unaudited balance sheet of the Society as of the close of 


ss September 30, 1933, is as follows: 


ieee 14,834.5 
ties (at cost) .... inti ag , Sieh a) ahi 133,987.28 
less reserve ; ; 6,545.66 
21,512.57 
7,857.02 
; ia +.516.00 
Convention Deferred Expens: sy 11,979.24 
TOTAL ASSETS 
ITIES 
\ its Payable (Chapter refunds) i wens ; 550.0 
Rese es ; . on : $5,100.00 
Convention Advance Receipts saeath 
SURPLUS January 1, 1933 . .$130,698.7 
Excess Income from Operating Statement Jan- 
uary 1 to September 26, 1933 er oe 
reciation on bonds $1,009.16 


Surplus Charges, Fae 95 wie gate 64.10 
rOTAL LIABILITIES 
Our cash is approximately $7000.00 less than a year ago, receiv 
ibles $1500.00 less, investments $1000.00 more, and inventory 
$3500.00 more. The market value of our securities, shown on the 
hooks at cost, has during your present treasurer’s term gone down 
for the six months ending June 30, 1932, and risen steadily since, 


the market value of these securities as of July 1, 1933, being $101,- 


617.50. 

\fter careful consideration this year, it was decided to be to 
the best interest of the Society to sell certain industrial bonds and 
purchase additional government bonds, and a switch has, therefore, 
been made, which has transferred approximately $15,000.00 of indus- 
trial bonds to government holdings. An appreciation was secured 
on the sale of these holdings of a little more than $1000.00. The 

value of all holdings is now $134,000.00, of which $49,000.00 
represents government bonds. Although some of our present hold- 
ngs are selling at depreciated prices, in common with all other se 

rities, it has been deemed advisable to hold them, as a switch can- 


now be made which will improve our position materially without 
‘erable sacrifice. 
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It has not as yet been necessary to dispose 
whatsoever, to meet operating expenses, and this y 


been able to operate the society at a slight gain. 





tions that existed during the early part of this year 











paring down of Society expense. 





The unaudited income and expense statement 














Income for the first nine months 1933 
Se tr eer ee 






Excess of Income over Expense 








expense. TRANSACTIONS, of course, produces no 





expense added to the other fixed costs, including 1 





mittee and board expenses, secretary and treasurer 





eral overhead expense. 





The greater portion of the expense incident 








tion of the 1933 edition of the National Metals 

















already been received, the last few months show 





of dues of approximately 50 per cent over the cor 





of last year, which indicates that many members 





new ones being added. 





[In connection with the remaining months of 








estimated that we may expect an excess of tota 





pense for this entire calendar year of approximate 





The above, | believe, indicates that careful 














income nearly balancing expense, the society me 





about breaking even, and the exposition at the pr 








the much looked for corner. 








[ again want to voice my thanks for the co-« 
dent Coleman, Mr. Eisenman and the Board of 
Mr. Ohlson, of the Cleveland office. 








The income from METAL PROGREssS advertising has continu 


through the year at a reduced figure, but has been met by curt 


by the society of the new book, “Stainless Steels,” 








of any 
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Under | 
, this is « sider 


a most creditable showing. and has been accomplished through 4 


, January 


close of business September 30, 1933, is as follows: 
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revenue, and is 2) 
“HE REVIEW, cor 


expense, and ge 


to the publicatio 
and the publica 
Handb« yt vk has a 


ready been paid and absorbed, and a considerable income expecte 
from the sale of these publications will add to our financial positior 


Although the major portion of our membership dues income has 


a gain in receipts 
responding months 


are returning al 


the year, it can | 
l income over es 
ly $5000.00 


consideration au 


preparation were made for the reduced income, by the Board of 1) 
rectors and management of the Society, and with METAL ProcREss 


mbership activities 


esent report show 


ing an excess of income over expense, we believe we have now turne 


yperation of Pres! 


Directors. 





continur 


publication 
he publica 
Ok has al 
le expected 
al position 
income has 
in receipts 
ing months 


UrMInNg al 


r, it can be 
e over ex 
. OO 

ration am 
ard of Di 
. PROGRESS 
p activities 
port show 


now turne 


n of Pres! 


ANNUAL REPORT OF THE SECRETARY 
October 4, 1933 


W. H. ErseENMAN, Secretary 
he American Society for Steel Treating on September 30, 1933, 
total membership of 4470. Of this number 3859 or 86 pei 
-ent were of the member classification ; 353 or 8 per cent were of the 
staining classification ; 236 or 6 per cent were of the junior classi 


The number of new applications received during the year 


[his is a splendid record of the members’ faithfulness as well 
as their interest that the Society is in such a splendid condition as it 


is today. The credit for this is due in a large measure to the co 


eration given by the chapter officers in maintaining the interest ot 


the units of the Society. 
Meetings of the Board of Directors 


Since the last report to the membership, the Board of Directors 
has held four meetings as follows: 
Cleveland—January 20 and 21 
Cleveland—August 4 and § 
Detroit—October 1 
Detroit—October 3 
(ine reports of the first two meetings have been placed in Tut 
Review, and the latter two meetings will appear also in THe Ri 
VIEW 


Group Meetings 


The Southern Ohio chapters held a sectional meeting in Cin 
cinnati the latter part of March. This was a one-day meeting, with 
sessions morning, afternoon, and a dinner meeting in the evening. 

The Columbus, Cincinnati, and Dayton chapters co-operated in 
making this meeting a success, and there was representation from 
approximately 12 chapters. 


Educational Activities 


Many chapters are planning educational courses for the present 
season. According to the information now available at the National 
Office : 


Cincinnati is sponsoring a course on the metallurgy of iron and 


Qss 
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steel at the University of Cincinnati. Dr. G. M. Enos is | 
the series of lectures, which begins September 25. 

Cleveland is holding two courses at Case School of 
Science. The first will be devoted to the problem of we 
gineering and metallurgy. This will be given by Robert E. 
Following this, Harry B. Pulsifer will conduct a series of le 
metallography. 

Detroit, through its educational committee, has prepare 
year course in metals which will start on October 23 at th 
City College, under the direction of EK. B. Drake. The first 
cover foundry practice, the second year will cover the mai 
of steels, and the third year, the heat treatment and metallog 
steels. 

Golden Gate Chapter has already started its lecture cow 
Humboldt Evening High School under Howard S. Taylor. 
chapter is also sponsoring both beginners’ and advanced labor: 
courses for men who have previously attended the lecture cours 
Mr. Taylor and George A. Nelson are instructors for the laborato: 
classes. 


Communications have been received from Hartford, indicati: 











that they also plan to carry on educational activities during th 
ing season. 

Philadelphia chapter is co-operating with Temple University 
presenting a course on heat treatment and metallography of ste 
Horace C. Knerr is director of the course. It is also contemplat 
to start a lecture course in January under the management of t! 
chapter. 


Howe Medal 









The tenth award of the Henry Marion Howe Medal, establish 
in 1923 in honor of the first honorary member of the A.S.S.T., Pr 
fessor Henry Marion Howe, was awarded at the annual banquet 

1932, held in Buffalo, to Dr. Francis M. Walters, Jr., Cyril Wells 
Maxwell Gensamer and John F. Eckel, for their paper, “Alloys o! 


- 








Iron, Manganese and Carbon,” which was considered by the awar 
committee as the most outstanding contribution to the science | 
lished in TRANSACTIONS during the preceding year. 


Campbell Lecture 





This lecture, established in 1925 by the Board of Director: 





‘Trt 


ih. i nis 


lab rato1 
re course 


—y 
laborat ) 


sstablishe 
bes ET 


anquet ll 


rril Wells, 
‘Alloys ot 


the awar 


lence pu 


-ctors 




































THE SECRETARY’S REPOR!I 


Q57 





» the memory of Professor Edward DeMille Campbell of the 
ity of Michigan, was presented in 1932 at the convention in 
by Edgar Collins Bain, research metallurgist, U. S. Steel 
ition at Kearny, N. J. The lecture was entitled, “Factors Af- 
the Inherent Hardenability of Steel.” 


President’s Medal 





The President’s Medal was presented to Past President J. 
\litchell Watson at the Buffalo convention in 1932. The presentation 
‘ this medal was a tangible notification to Mr. Watson of the sincere 
ppreciation of the Society for his splendid and valuable work as 
president of the AS3.1. 


Recommended Practice Committee 





Because of the preparation of the 1933 Edition of Metals Hand- 
hook, the last twelve months have been the most active the Recom- 
mended Practice Committee has had. Practically the entire program 
of the Committee has been devoted to the production of the new 
HANDBOOK. 


Revision of Handbook 


To prepare the new Handbook, the Recommended Practice Com 
mittee called into active duty all the sub-committees that had pre- 
pared reports or practices at any previous time for the Handbook, 
requesting them to revise their work and bring it up to date. All 
authors were requested to follow the same procedure. As a result 
the Recommended Practice Committee had 48 sub-committees with 
ail approximate membership of 300 working on the reports and prac- 
tices, and 120 individual authors. This program was mainly con- 
lucted by the Recommended Practice Committee by mail and required 
about eight months of intensive committee work. 

lechnical Committees—The Sub-Committees that were tempor- 
arily called into duty for the purpose of revising the book become 
inactive again now that the work is completed. However, the Rec- 
ommended Practice Committee has nine sub-committees which are 
to remain active for the purpose of completing their present assign- 

nt These sub-committees are as 









OHO Sub-Committee on Forging Steels, on Gas Carburizing, on 
Mat ss Testing of Metals, on Heat Treating (General), on Heat Re- 
\lloys, on Machinability of Steel, on Heat Treatment of Tool 
n Pickling of Steel, on Physical Constants of Metals. 


LRANSA( 


Sub-Committee 
Deformation 
Media. on Heat Treatment of Carbon Steel Gears, on Testing a 
ing of Bolts, Screws and Nuts. 





Quenching 

























THE: 





The following sub-committees completed new reports o 
during the last year and have been temporarily discharged f: 





Steel, on Nitriding. 


Equipment, 


Joint Commuttee on Heat Treatment Definitions 











from active duty February of this year. 











Classification of Articles 








tion of the articles and practices. 

















Heat Treatment Definitions prepared by representatives 
A.S.T.M., S.A.E., and A.S.S.T. has been adopted by the tl 
ticipating Societies. The Joint Committee was therefore, dis 


this is the first time in ten years that this Joint Committee has bee; 


Recommended 


mittee has adopted a new scheme for the arrangement and compil. 
Under this plan each article | 
a symbol and a number indicating the alloy and group to which i 
Thus the articles will all be compiled with a definite plar 
and outline in mind and can, as completed, be located in their prope: 


sequence and section of the HANDBOOK. 

















There is a total of 




















rewritten the authors or sub-committees. 











standard nature. 








nonferrous 








authors and committees. 








accurate for republication. 














Contents of New Handbook—The 1933 Edition of Metais Han 
book contains a few pages over 1500. 





It is interesting to ni 


Approximately 1000 pages ar 


devoted to the ferrous section and 500 pages to the nonferrous se 


articles for both the ferrous and nonfet 
rous sections of the HANDBOOK, compared to a total of 148 articles 1 
the 1930 edition. 

Revisions—The ferrous section of the old HANDBOOK containe 
95 articles. Seventy-six of these articles were revised or completel) 


section that were not revised consisted mainly of tabular data of 


The articles in this 


old HANDBOOK 


articles of which 38 were revised and brought up to date 
The articles in this section that were not 
revised were reviewed by the authors and committees, but considere 


Exchange of Handbook—The plan of exchanging the old Hay 
BooK for the new edition is again to be followed. 


A notice ha 
published in the Review, TRANSACTIONS, and in a general letter sem 





tice Car 
1 compila 


ticle Dears 


tals Hand 
) pages ar 


‘TTOUS Se 


id nontel 


articles Il 


containe 
completel\ 
les in this 


data of 


itained 53 
ate by the 
t were not 


Ce ynsidered 


old HAND 
‘e has bee! 


letter sent 
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embers instructing them that the new book will be ready for 
‘tion and exchange on October 10th. 


»ferrous Committee—The Nonferrous Data Sheet Committee 





Institute of Metals Division of the A.I.M.E. has been very 





tive in the co-operative arrangements with the Recommended 





Practice Committee. Because of the splendid work of this Com 





njittee, many new and valuable articles have been incorporated in 





‘he nonferrous section of the HANDBOOK. 





The Board of Directors has followed the work of this com 





mittee, under the able direction of L. B. Case as chairman, with 





reat care and admiration and votes it a laurel for its outstanding 





wccomplishment. 





\lr. Donnellan, secretary of the Kecommended Practice Com 





mittee, has proven himself a splendid organizer and the 1933 edition 





is amonument to his ability. 





Report of Metal Progress 


\lieraL ProGress during 1933 has carried on, constantly match 





ing the standard of excellence set at its foundation three years ago 





Curtailed income from advertising has forced a regrettable reduc 





Nevertheless, a well-balanced 





tion in size of the monthly issues. 





ditorial section has been maintained, containing nothing but exclusive 





articles, well written and illustrated, about current improvements 1n 





metals and their treatment. 






Perhaps the best gage of the so-called “reader interest” in Metat 





PROGRESS is the requests received at the National Office for trade 





literature offered by its advertisers. Such material has been listed 





rather inconspicuously in every issue for three years, yet no less than 





ahs Ene ery é‘ ae “dill 
8274 requests for new bulletins were received during the months 





ot January to August, this year inclusive—over one thousand a 






month! Here again MreTat ProGress is making history—cautious 





publishers have based extensive promotional campaigns on far less 





generous response from their readers. 





Retrenchment in every department has kept the expenditures 





i line with income. With the improvement in business already evi- 






lent, the size and diversity of the magazine can be extended with 






tte extra cost other than paper and postage. Meanwhile I recom- 


mend 





lor your most cordial appreciation those stout-hearted busi 





nessmen who maintained their contact with you, the best audience in 





he metal industry, through the pages of METAL Proaress. 

















TRANSACTIONS OF THE 2A. SS: 8.7 


Stainless Book 


In addition to his work on METAL PROGREss, Editor 

















organized and carried through to publication an encyclop: 
on heat resisting and corrosion resisting alloys of chromium 
the title “The Book of Stainless Steels,” he has enlisted th« 
tion of 75 acknowledged experts in various phases of | 
fabrication, and consumption (most of them are me 
A.S.S.T.) and produced a 600-page volume which is right 
minute and representative of the best American practice. Ther 
a distinct need for such a volume, as the only systematic 
available was written by an English metallurgist and represents F; 
lish conditions. Our new book is prepared especially to an 

tions raised by consumers and fabricators and hence will appeal 










wide audience. We have already received many _pre-publicat 


orders. Deliveries will be made during the present month 


Publication Committee 







The Publication Committee for the year 1933 is made up of 1 


following: A. B. Kinzel, Chairman, Ray T. Bayless, Secretary, G. 
Brophy, E. H. Dix, Jr., Alex. L. Field, Arthur E. Focke, M. H 
mann, T. L. Joseph, R. L. Kenyon, T. Holland Nelson, H. S. Ray 
C. B. Sadtler, Robert Sergeson, W. P. Sykes, H. S. Taylor. 








Throughout the year and up to the present date the Committ 



















has reviewed 55 papers, of which 43 have been approved 

No meetings of the Publication Committee were held duri 
the period from October 1932 to October 1933. However, the chai 
man and secretary have held several conferences in regard to t 
activities of the Committee. Otherwise, the activities of the con 
mittee have been transacted by mail. A meeting of the Committe 
was held at 4:30 P. M. on Monday, October 2, 1933. 


Transactions 





There has been published since the last annual meeting the | 
three issues of Volume 20 of Transactions (October, Noveml: 
and December, 1932) and nine issues of Volume 21, (January, Febru 
ary, March, April, May, June, July, August and September, 1933 
The three issues of Volume 20 contained 300 pages, each issut 

TRANSACTIONS containing 100 pages and the first nine issues of \ 

ume 21 contained 900 pages. It has been decided due to the tact that 
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ssue of TRANSACTIONS carries 100 pages, that it would be pre 
to have a volume cover the period of one year thus making a 
age volume for the year. Volume 21 will, therefore, contain 
’ monthly installments of TRANSACTIONS for the year 1933. 
[RANSACTIONS as published since September 1932 contains 
presented during the 1932 Convention, together with others 
ved during the year. 13 papers were published in the October, 


November and December issues of Volume 20 and 38 papers in the 









lanuary, February, March, April, May, June, July, August and 
September issues of Volume 21. 

\n analysis of the editorial production of TRANSACTIONS from 
Volume | through the September 1933 issue of Volume 21 shows a 
erand total of 19,907 pages. 


Preprints 


\t the Buffalo Convention last year there were 28 papers pre 


sented on the technical program, 12 of which had been prepared and 


















distributed to members. The total number of pages of preprints for 
that year was 236. 

This year 21 papers have been prepared in preprint form out of 
. total of 30 papers scheduled on the technical program, with a total 
number of 452 pages. These were made available to the members 
of the Society on August 31 and were sent to all members having 
requested them. 

The number of requests for preprints this year has been equally 
as large as that for the past two years, indicating that the interest of 
the members in the preparation of written discussion is still active. 


2 oa pF ’ 
Re VIER 





During the past year THe Review was changed from a monthly 
newspaper to a bi-monthly. Since the first of the year it has appeared 
every other month beginning with January. To take care of the addi 
tional material which would appear in a bi-monthly, the average size 
1! ‘Tre Review was increased from four to six pages. 

Che September issue, which had a circulation of 20,000 among 


~ 
+} ? 


the members of all societies and divisions co-operating in the 193 
Nati 






mal Metal Congress, was eight pages. 


Krom October, 1932, to date (7 issues) 2308 column inches 






devoted to editorial matter and 732 to advertising. The amount 


VIEW space devoted to reports of chapter meetings was 1098 














962 TRANSACTIONS OF THE «A4.. 5. S:. 7 





column inches, or somewhat more than one-third of the ent 








































during the year. 
President's Bell 


The President’s Bell, which is awarded to the chapte: 
activities have been of outstanding merit for the precedii 
rested last year in the custody of the Montreal chapter, havi 
awarded to that chapter by President d’Arcambal. 

The award of the President’s Bell rests exclusively wy 
decision of the president of the Society. 

You will have observed from the auditor’s report publis 
the May issue of THe Review that the total receipt of dues for 1932 
were $55,874.13. Of this amount, $23,454.36, or 43 per cent was r 
turned to the chapters. 

The total assets of the chapters at the close of the fiscal yea 
of June 1933 were $41,600, an increase of $3000.00 over the assets 
of the preceding year. This is a splendid showing, when genet 
conditions are taken into consideration. 

As stated in the last annual report, the financial income of 
Society could not help but reflect the current business conditions, 
and last year for the first time in the fourteen years the Society ha: 
been in existence, there was a deficit. 

It may be interesting to note that by practicing the most sever 
economies, exercising greater energy and progressiveness, the Soc 
ety has every prospect this year of returning to its previous recoi 
of having an excess of income over expenditures. 

It may be further interesting to know that the sale of advertising 
in the National Metals Handbook is larger this year than in either | 
the two previous editions, 1929 and 1930, the total amount being 
$5265.00. 

This represents a 60 per cent increase over the original estimat 
for the sale of advertising in this year’s edition of the HANDBOOK 

Response has been splendid for advertising in the OFFICIAL PRO 
GRAM, and that has exceeded by 70 per cent the contemplated receipts 

The Exposition now in progress reflects the current change | 
conditions and has 30 per cent more exhibitors than last year, as well 
as exceeding by 40 per cent the space sales of last year’s exposition 

The receipts from dues for July, August and September 1933 
have been double the amount received in payment of dues in th 
corresponding months of 1932. 
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hile it is true there has been a decrease in the number of new 
tions received, it is felt that with the many educational courses 
resented by the chapters, 1n which membership in the Society 
ssary before an individual may enroll in the course, there will 
siderable increase in the membership of the Society over the 


few months. 


REPORT OF 1933 NOMINATING COMMITTEE 


Che annual meeting of the Nominating Committee of the Amer- 
Society for Steel Treating, was called to order by W. H. Eisen 
October 2, at 10:00 A. M. The credentials of the several dele 
tes were examined and found in order. ‘Thirty chapters were 
resented with Lehigh Valley, St. Louis and Springfield absent. 
J. Fletcher Harper was selected as chairman of the meeting and 
\Vayne L. Cockrell as Secretary. The chairman appoimted Messrs. 
Howard J. Stagg, John J. Crowe and Walter G. Hildort as the notifi- 
tion committee. 
ome of th Nominations for President were entertained by the chair, N. I. 
conditions, totz of Pittsburgh nominated W. H. Phillips. W. G. Hildorf of 
Society has Canton-Massillon seconded the nomination of Mr. Phillips. J. J. 
rowe of New York moved nominations be closed—seconded by 
nost severe Robert Atkinson of Detroit. The motion carried. Vote on nomina 
the Soci tion was favorable. 
lous recor Robert Atkinson moved unanimous selection of Mr. Phillips. 
\fotion seconded and carried. 
advertising Nomination for Vice-President, H. ]. Stagg of Syracuse nomin- 
in either o ted B. F. Shepherd of Lehigh Valley Chapter. S.C. Spalding of 
ount being New Haven seconded. J. A. Comstock, Chicago, nominated Dr. 
D. Merica. KE. W. lesslinger of Cincinnati seconded. 
al estimat: Robert Atkinson moved nominations be closed. Seconded and 
.NDBOOK carried. First ballot showed B. F. Shepherd twenty, Merica ten. 
ICIAL Pro 


\ 


Moved and seconded that Mr. Shepherd’s nomination be made un- 
ed receipts animous. Motion carried. 
change ot Nomination for Treasurer. A, T. Clarage of Chicago, was 


ear, as Wel nominated by J. R. Adams of Philadelphia and seconded by L. L. 


-xposition \yman of Schenectady. W. G. Hildorf moved nominations be 


| re 1022 ol ’ . . ; oun ’ : 
mber 193. clo N. 1. Stotz seconded. Motion carried. A. T. Clarage nomin- 
ues in th ale vy acclamation. 


minations for two National Directors. E. 1. Bartholomew 
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of Boston nominated Dr. George B. Waterhouse. Seconde 
Bovee of Buffalo. Robert Atkinson, Detroit, nominated \\ 
Woodside, seconded by W. G. Hildorf. 


J. J. Crowe of New York, nominated E. C. Bain ai 







Wyman seconded. W. L. Cockrell of Tri-City, nominate: 
A. Uhlmeyer, seconded by C. B. Sadtler of Rockford. H. J. Sta 
moved nominations be closed. Seconded and carried. 

N. I..Stotz moved 16 votes be required to nominate 

















candidate securing that number be declared elected and if 
ballot was required, the low on the first ballot be dropped. | 
Crowe seconded. Motion carried. 


First Ballot. 





A a eee 24 
W. P. Woodside ...... 19 
G. B. Waterhouse ..... 14 
G. A. Uhlmeyer 





J. J. Crowe moved nominations of E. C. Bain and W. P. Wy 
side be made unanimous. Seconded and carried. 






a ee r 
Che nomination of the committee thus secured, were: 
W. H. Phillips for President S 
B. F. Shepherd for Vice-President , 
A. T. Clarage for Treasurer 


E. C. Bain = al at 
W. P. Woodside ( Kor National Directors. 


















The meeting adjourned after a few speeches expressing complet 
satisfaction with results of the committee’s work. 
Editor’s Note: Section 4a of Article XI of the Constitution ot 
the Society requires that “it shall be the duty of the nominating con 
mittee to secure and file with its nominations the written consent t 
serve of each person named by the committee.” J. Fletcher Harper 
in reporting the results of the nominating committee meeting to t 
annual meeting of the society Wednesday October 4, 1933, said 
‘The nomination for the treasurership was tendered to the pres 
ent incumbent, Arthur T. Clarage, who was compelled to refuse such 
nomination, and the sub-committee, therefore, nominated Emil Gat! 
mann of Baltimore who accepted the nomination.” 
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THE MECHANISM OF CRYSTAL GROWTH 
By WHEELER P. DAvVEy 


Abstract 

























The author takes up in systematic order the experi- 
mental evidence as to the growth of crystals from the 
vapor, from the melt, and from the solid, and discusses the 
physical conditions which are associated with each. It ts 
shown that in every case imperfection is the natural state 
of a crystal. Following the general lines of the theory of 
Zwicky, the author builds up a detailed theoretical picture 
of the growth of crystals. This picture is such that im- 
perfections are seen to be inherent in the structure. The 
ordinary properties of materials (such as manner of crys- 
tal growth, tensile properties, segregation of impurities, 
properties of the melt, etch figures, and segregate struc- 
tures of the Widmanstatten type) all follow as natural 
corollaries to this picture. 





HE importance of the mosaic structure of crystals is a matter 
Ta common knowledge to all crystal analysts. Perfection in 
single crystals is so rare that we may confidently assume imperfection 
to be their normal state. It will be of interest, therefore, to examine 
the various ways in which crystals may be grown in the hope of 
finding mechanisms of crystal growth which will lead easily to the 
mosaic type rather than to the perfect type of structure. If any 
such mechanism is to have real value it must necessitate the ex- 
istence of demonstrable crystal properties which are distinct from 
the data which lead to the mechanism. The present paper deals, 
therefore, not only with the evidence leading up to a picture of the 
mechanism of crystal growth, but also with the consequences of that 
mechanism in determining certain of the properties of crystals. 


THE GROWTH OF CRYSTALS 





There are, in general, four ways of growing crystals: (1) from 
the vapor, (2) from the melt, (3) from solution, and (4) from less 






: \ paper presented before the Fifteenth Annual Convention of the society, 
Vetroit, October 2 to 6, 1933. The author, Wheeler P. Davey, is research pro- 
lessor of physics and chemistry, School of Chemistry and Physics, Pennsylvania 
State College, State College, Pa. Manuscript received March 18, 1933. 
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stable crystals in contact with the growing crystal in a « 
solid. We will take up each of these in turn. 
(1) Growth from the Vapor—lf the vapor of a substance, 


allowed to come in contact with a cold surface it will co; 
form a solid. X-ray evidence in the case of nickel(1)* shows that 





if the surface is at a sufficiently low temperature, this solid 


ater] 


is amorphous. If the surface is at a high enough temperature ¢| 
solid material is crystalline. It is only rarely in actual practice tha 
vapors are condensed at low enough temperatures to give try! 


amorphous solid condensates. For each substance we may imag}; 


ld?) 
a critical temperature below which it is almost impossible to obtaj; 


a crystalline deposit. The higher the temperature above this 
the more readily will the deposit crystallize. In the case 


1 
twmoit 
bill 


OT nic 
ae 


LUA 
the amorphous condensate may be obtained on a surface cooled wit 
water. If the surface is heated to 400 degrees Cent. (750 degrees 
Fahr.) a deposit is readily obtained, which is composed of smal 
crystals. An amorphous layer 10° centimeters thick apparenth 


is sufficiently insulating so that the latent heat from further co 
densation of nickel raises the surface temperature enough to yield 
crystals. 

These facts can be explained if we make three simple assum 
tions. (a) Atoms of nickel which hit a sufficiently cool surface 
not bounce off elastically, but remain on that surface. In other 
words, every atom which hits the surface “condenses”. If it eva 
orates subsequently it must have gained from neighboring atoms 
enough kinetic energy to overcome the energy of its cohesion to its 
neighbors. This assumption is identical with that made by Lang 
muir(2) to explain certain of his data on evaporation and condensa 
tion. (b) If the temperature of the condensing surface is low 
enough, every atom which hits the surface must stay practically 1 
the place where it hits. If the temperature of the condensing surfac 
is high enough, it is assumed that each condensed atom can migrat 
on the surface like a molecule of a two-dimensional gas until 
happens to find some spot where it can help to build up a crystal 
In such a spot the potential energy of the atom would be at a min 
mum and its chance of further migration would be vanishingly small 
This assumption is apparently necessary in order to make it pos- 


sible to grow crystals of nickel in the neighborhood of 400 degrees 


*The figures appearing in parentheses pertain to the references appended to this 
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750 degrees Fahr.). Such temperatures are much too low 
nit the evaporation of any appreciable number of atoms from 
the surface,t so that evaporation alone cannot rid the surface of 
_ yyerly situated atoms whose locations do not fit the positions 
demanded by the crystal structure of nickel. (c) When a crystalline 
surface has once been formed, newly condensed atoms have only 
to move two or three atomic diameters to find appropriate stations 
‘7 the structure. If the condensing atoms could be made to impinge 
uniformly on the crystalline surface we might expect to grow very 
perfect crystals. It is, however, inherent in the kinetic theory of 
vases that the atoms must hit the surface in irregular groups much 
like the pitter-patter of rain on a roof. Although, on the average, 
as many atoms will hit on one portion of the surface as on any other 
nortion, we must assume that the distribution from instant to instant 
will be very nonuniform. This leads inevitably to minute imperfec- 
tions in the crystals so that what appears at first to be a single crystal 
is really a mosaic of tiny crystals having almost exactly the same 
























orientation. If we grant this picture, we would expect to grow 
reasonably perfect crystals from pure vapor only at exceedingly slow 
rates of condensation at temperatures close enough to the melting 
point to permit all imperfections to be wiped out by the migration 
of atoms within the crystal. Such conditions are not usually found 
in practice. Even if ideal thermal conditions were realized, minute 
traces of impurities in the vapor will tend to deposit in patches here 
and there on the surface in layers one molecule (or atom or ion) 
thick. These layers of impurity will tend to foul the surfaces of the 
patches, thus limiting the growth of the crystal to small separate 
portions of the surface.2 It would seem, therefore, that in general 
when a crystal is grown from vapor an approximation to the “ideally 
imperfect”’ state is really the normal state of the crystal. 

Under exceptional circumstances, not easily controlled in the 
laboratory, the tendency for some parts of the surface to grow faster 
than other parts becomes especially great. Macroscopic needles or 
even fin-like projections are sent out in advance of the growing sur- 


tace giving the dendritic type of formaticn so well known to metal- 


rding to the International Critical Tables. Vol. III, p. 205, nickel has a vapor 
of only 10-° centimeters of mercury at 1250 degrees Cent. (2269 degrees Fahr.) 
grees Cent. (570 degrees Fahr.) it should have a vapor pressure of the order of 
timeters of mercury. 







ssible mechanism which is capable of explaining this effect in detail will be 
ter in this paper. 
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lurgists. They appear to show on a large scale the conse 
the same sort of “group growth” on a crystal face which ¢ 
theory of gases forced us to assume on a submicroscopic ; 
parently, imperfection is the normal state of a crystal g1 
the vapor. We shall soon see that imperfection is the not 
of all crystals no matter by what process they have been grow; 

(2) Growth from the Melt—Growth of crystals from the n 
does not take place simultaneously in all parts of the liquid. Eithe; 
a seed crystal is present and growth proceeds out from this seed, 
spontaneous nuclei of crystallization are formed, each of which 
as a seed. 

(a) We may feel safe in assuming that the molecul | 
melt wander about with almost random motion. This implies tha; 


there is a chance of several molecules colliding together in just th 
configuration to form the beginning of a unit-crystal. In the sim- 
plest case, if the temperature is high enough, these molecules wil 
have enough thermal energy to part company in spite of the crysta! 
forces holding them together‘; 1.e., above the melting point the cha: 

of disaggregation exceeds the chance of aggregation. We are tempt 
at first to assume that below the melting point the chance of aggrega 
tion exceeds the chance of disaggregation and that at the melting point 
the two chances are equal.(3) Closer study of the forces, acting 
between molecules, shows that this simple picture must be modified 
somewhat. These modifications are of such a nature as to mak 
it possible not only to account for a sharp freezing point in the pres 
ence of a trace of the solid, but also to account for the possibilit 
of undercooling in the absence of the solid. 

If a seed crystal is placed in a perfectly insulated® melt at its 
freezing point, the crystal will neither melt nor grow. If, however 
the heat insulation is not quite perfect, the environment of the melt 
will act as a slight heat-sink and the seed crystal will grow without 


8In this discussion the word molecules will be used as a convenient general 
include molecules, ions, and atoms. 





‘In growing a crystal from the vapor a molecule which collides with th 
face is held by the forces of cohesion which are characteristic of the crystal. 
a crystal from the melt the apparent forces tending to hold the molecules on th 
are equal to the difference between the real forces of cohesion and the forces betw 
molecules and the surrounding liquid. This difference in the sizes of the resultant 1 
accounts for some of the differences in the pictures of the mechanisms of crystal 
in the two cases. 










5The effect of perfect insulation may be obtained by keeping the material 
melt at the same temperature as the melt itself so that the melt neither gain 
heat. It is assumed that the melt is somewhat above the room temperature. 
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sasurable change in the temperature of the melt. This is be- 


ny 

use molecules which are systematically oriented and marshalled 
, crystal are held together by forces which are more or less chemi- 

cal in their nature. The potential energy of such a system is there- 


‘ore less than that of a chaotic arrangement such as the melt would 
have. The energy thus liberated is the latent heat of crystallization, 
and is numerically equal to the latent heat of fusion. It is this energy 
which must be absorbed by the heat-sink. If C represents the co- 
hesive force of the macroscopic seed crystal, L the forces between 
the liquid and the surface of the crystal, and D the forces tending 
to disintegrate the crystal due to thermal agitation, then the tem- 
nerature at which the seed crystal can grow is an infinitesimal amount 
lower than the temperature for which 


(C—L)=D (1) 


For a given material, then, the temperature at which a seed crystal 
can grow is definitely fixed. This temperature is defined as the 
freezing point of the melt.® 

The difficulty of starting spontaneous crystallization may be ex- 
plained as follows. Let us consider at first a melt made up of the 
simplest kind of molecules, for instance a metal whose molecules 
are monatomic. In order to form a spontaneous nucleus, several 
molecules in the melt must collide in the configuration which is char- 
acteristic of the crystal of that substance. In the melt such nuclei 
are probably made and broken up continually. In the case of an 
embryo nucleus made up of only three or four molecules, a given 
molecule is not held to the group by as many immediate neighbors 
as would have held it if it had been a part of a “flat” surface of a 
massive crystal. This means that the cohesive forces of the newly 
iormed spontaneous nucleus cannot be quite as large as the quantity 
C of equation (1). If we define the melting point in terms of equa- 
tion (1) it follows from this picture that, at the melting point, the 


cases of so-called spontaneous crystallization without undercooling are really 

y extremely fine seed crystals which enter the melt from the air. The difficulty 
| in crystallizing anhydrous glycerine (freezing point 17.9 degrees Cent) is 
; yet the story is told of a laboratory in a cool climate which, having once pro- 
tals of glycerine, had difficulty in keeping any of its stock fluid. Tutton relates (4) 
at a meeting of the Royal Society, of how a newly synthesized compound could 
stallized for several days under what should have been optimum conditions. After 
nd had been manufactured for some time. the air of the laboratory became con- 
with spontaneous nuclei formed from the dust of the dried material and scattered 
handling of the material in the laboratory After these nuclei were formed 
turther difficuity in crystallizing the material. Apparently we must assume that 
rms of most common crystallized substances, of mo larger size than bacteria, are 
it in our atmosphere, ready at any time to drop into our solutions and, if the 

1 the proper receptive condition, to set them crystallizing.” 
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the average tendency for aggregation so that a spontan 
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average tendency for disaggregation of spontaneous nu 


T. 


has no chance of persisting long enough to grow. In 


growth of the spontaneous nucleus may begin, 
undercool the melt below 


must low 
tion 


molecule to collide with it at some point so close to the corr 


er the temperature 


its freezing point. 


In 


(and therefore the value of 
(1)), until the nucleus can persist long enough for s 


it is rie 


other 


h 


that the molecule can migrate easily to its proper location. 


ing to this picture a thoroughly melted liquid cannot crystal 
taneously unless it is cooled below its freezing point. The amouy 


of undercooling necessary should be a property of the sul 


to be crystallized. 


The case of less symmetrical molecules, such as those of org 
substances, 


orientations must be such as to give also the correct configt 


of atoms. 


tration of nuclei in the melt. 
sated by the longer life of the nuclei, 


several molecules must 
only collide to form the correct configuration of molecules, but th 


1€]] 


ied 


is complicated by the additional consideration that. 
order to form a spontaneous nucleus, 


1 
Al 


uu 





Such a restriction greatly decreases the chance of form. 
ing spontaneous nuclei, and therefore tends to decrease the concen- 


This effect may be 


partly 
caused by the increase in r 


Cf mM] \¢ 


sistance to disaggregation resulting from the large number of aton 
which serve as points of attachment between molecules in a nucleus 
At first sight it would seem that the net effect of these two oppos 
ing tendencies should largely determine the amount of undercooling 


possible for a given substance. 
only in ¢ 


metals, 
in still ar 


omplicated substances, 


10ther effect. 


It is conceivable, 


however, 


When a material is melted without raisi 


that not 
but even in simple substances li 
the resistance to disaggregation may be so strong as to brin 


Lin 


iin 


the temperature perceptibly above the melting point, small crysta 


fragments the size of spontaneous nuclei may slough off from th 
crystal and float around in the melt for long periods.’ 


"This hypothesis is consistent with the experimental results of A. 
that the orientation of single crystals of bismuth, 
pends upon orientation of the portion of the seed ‘which has just melted, rather th 
This effect disappears when the bismuth is ; tee 

It is as though the 
contained sloughed-off crystal fragments from the mosaic. 


orientation of the unmelted portion. 


degrees Cent. 


417, 


the same substance. 


molecules. 
note, too, 
an almost sa 


above its “melting point. 


Apparently the crystal dissolves in 


turated solution, 


se 


grown from a single 


‘sheets’”’ 
that Traube and von Behren have found (6) that, 


“melt 


A. Mueller (Proc. 
(1930) directed a fine beam of X-rays on some molten paraffin very near 
For a small range of temperature 
tion pattern showed that there was still a considerable amount of orientation at! 
of molecules. 
when a crystal is di di 
ultramicroscopic particles can be found which persist for som 
time before being dissolved to a true molecular dispersion. 


seed in 


ed”’ portion 


above the melting point the 


It is 


Goetz (5) 


The eff tect 


He f 


the melt, d 
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e that of greatly increasing the concentration of nuclei and 

promoting crystallization of the melt at the freezing point 

the proper heat-sink is brought into play. This increase in 

‘ration of effective nuclei should increase the chance of a 

olecule from the melt colliding with a nucleus at the proper place 

of equa | §=and with the proper orientation. In other words, it should be dif- 

> Other | =fcult to undercool a material which has been melted without rais- 

rrect spot | ing the temperature appreciably above the melting point. If, how- 

\ccord ever, the liquid is strongly heated to bring it considerably above the 

melting point, the sloughed-off crystal fragments should all disin- 

teorate, thus bringing down the concentration of effective nuclei to 

the normal value for that material. In view of the difficulties in 

crystallization caused by the necessity for molecular orientation, the 

ot orgar reduction in the concentration of nuclei by heating should greatly 
mn that, in | increase the possibility of undercooling.® 

must not It is evident from this discussion that, except for mechani- 

s, but thei: — cal inclusions, impurities can be included in the body of the crys- 

nfiguratior tal only if the size and shape of the molecules of the impurity are 

© of form- such as to permit them to fit easily into the structure of the crys- 

he concen- tal and if, besides, the chemical forces between the crystal and the 

y compet } impurity are at least equal to C of equation (1). It will be sufh- 

ease in re cient for our present purposes merely to point out that the ordinary 

practice of purification of materials by slow crystallization of a part 

of the melt is consistent with the picture of crystallization which 

we have presented here. It is a consequence of the picture that, if 


r of atoms 
a nucleus 
[wo Oppos- 


1dercooli1 


g * ameit is cooled slowly enough from one end, the impurities tend 
r, that not 


to concentrate in the last portion to crystallize. If crystallization 
tances lik proceeds too rapidly, so that crystal nuclei appear throughout the 
whole body of the liquid, then the impurities must concentrate at 


the grain boundaries. If crystallization is still more rapid, some 


as to bring 
out raising 


all crysta of the impurities must concentrate at the boundaries of the mosaic 


t from the ot which each macroscopic crystal is composed. These predictions 
Che effect trom the theory are consistent with the results of metallurgical 
He four practice. 
1 the melt, d ; . : 
¢yyy (b) Now that we have seen, both in the case of a seed crys- 
1 is heated | 3 
yn of the seed 
oe ee ‘This picture is really a detailed expansion of that given by Othmer(3) and Tammann(7). 
‘nt the diffra ‘nother picture given by Richards(8) differs from this primarily, (a) in substituting a foreign 
on amone ti adsorbent for the crystal fragments sloughed off from the melting solid, and (b) in sub- 
saterestitis ‘ siituting a portion of the melt adsorbed on the foreign adsorbent for the oriented molecules 
diss lved int which we have pictured as colliding with the crystal fragments or with true spontaneous 
nucie in both these pictures the forces called into play by orientation take the whole mat- 
{ the field of thermodynamics. 
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tal and in the case of a spontaneous nucleus, how cry 
starts, we must take up the manner in which the seed or tI 
grows to form a finished crystal from the melt. The foll 
periment (9) will serve as an illustration of the process. 

is filled with lump photographic hypo (Na,S,O,°5H,O 
heated over a bunsen burner to melt the hypo. With a 
tice this can be done without losing much of the water o| 
zation. At first the molten hypo will appear cloudy but 
seconds a clear transparent liquid is obtained. A large watch 
is warmed by dipping it into boiling water and is then quickly moun 
so that it can be illuminated properly from below. The molten hyp, 
is poured into the watch glass and a single crystal of hypo is in 
mersed in the melt at the center of the watch glass. It is best + 
handle this single crystal with warm, chemically clean, dry tweezers 
Very soon small needles will be seen projecting out from the sur 
face of the crystal. Under favorable conditions of illumination jt 
may be seen that these needles lie in three directions which are def 
nitely oriented to the axes of the crystal. They tend to form a three- 
dimensional meshwork with liquid hypo in the interstices. If th 
volume of material, rate of cooling, and conditions of illuminatio: 


>? 


a Ie 


+ 
r¢ 


are all favorable, these needles may be seen to grow still other ne 
dles on their sides so that the original meshwork becomes the fram 
for a very much finer meshwork. 

It is easy to imagine(9) this process repeating itself to give 
a whole succession of such meshes each finer than that from which 
it is hung, so that we are tempted to assume the existence of an ulti- 
mate three-dimensional meshwork of such fineness that it could not 
even be seen with a microscope. [Eventually the whole mass ot 
liquid becomes crystallized, and if the conditions of the experiment 
may have been favorable a large “single” crystal of hypo is obtained. 
When we remember the marked changes in volume which most 
materials undergo on solidification, we are led to assume that the las! 
traces of liquid to crystallize out must yield solid material which 
is under considerable strain. These strains may even be thought 


of as distorting the fine meshwork so as to change slightly the orienta- 


tion of the tiny crystal fragment which this meshwork encloses 


This distortion will, of course, be increased by the sharp tempera- 
ture gradients due to the local liberation of the latent heat of solid 


fication. Such a picture leads us at once to the conclusion that crys 





tals grown at any reasonable rate from the melt must have a mosaic 
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_and that an approximation to an “ideally imperfect” state 

the normal state of such a crystal. 

; to be expected that, for very slow rates of crystal growth, 
the space between the primary needles will be filled in with solid 
-rystal almost as rapidly as the needles grow, so that the needles 
should be practically obliterated. We should, therefore, expect crys- 
‘als grown very slowly from the melt to appear as smooth faced 
solvhedra. If the rate of growth of the primary and secondary 
needles is in excess of the rate of growth of crystals from the in- 
rervening melt, then the crystals should grow as dendrites. We 
should, therefore, expect a dendritic structure in crystals grown rap- 
‘div from the melt. Both these predictions are consistent with ordi- 
nary experience. 

For most materials, even if large ideally perfect single crys- 
tals could be grown easily from the melt, they would probably not 
stay perfect. This may be illustrated by the case of some single 
crystals of copper grown by the writer from the melt in an at- 
mosphere of hydrogen. The crucible containing the molten cop- 
per was lowered very slowly (0.005 inch per minute) through a 
vertical furnace two feet in length. Each part of the newly formed 
crystal was therefore kept very near to its melting point for a long 
time, thus giving it every chance to be as perfect as possible. Cop- 
per crystals about the size of a lead pencil, formed in this way, could 
hardly support their own weight when held horizontally from one 
end. The act of deformation changed the bent portion of the rod 
from a single crystal to a multitude of small crystals each having a 
mosaic structure. 

The ease with which these single crystals of copper can be 
deformed is also shown by the following. The crystal axes of a 
somewhat larger specimen were determined by X-ray methods and 
the crystal was then slowly sawed by hand and carefully dressed 
up with a fine file so as to give it faces corresponding to the cube 
iaces of the crystal. Care was taken throughout the whole pro- 
cedure to keep from bending or deforming the specimen. Only 
light cuts were taken so that the distortion of the interior should 
be a minimum and so that there should be no appreciable tempera- 
ture rise due to too rapid an expenditure of energy. After the cube 
taces had been put on the specimen in this way further X-ray tests 
were made to check the correctness of the faces. The surface of the 


specimen 


n was found to be polycrystalline. The specimen had to be 
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etched off to a depth of +4 


- inch before X-ray evidence cou 
that the remainder was a single crystal. That the effect 
fined to soft metals like copper may be shown by the fa 
fore the writer could determine the orientation of a po 
cut from a quartz crystal, 1t was necessary to etch off the 
crystal surface which had been formed by the polishing 





Concentration. ————_—> 


Temperature ————> 








Fig. 1—-Temperature - Concentration 
Diagram of a Typical Solution. 
It is evident that only in the case of the most rigid materials cai 
we hope to grow the melt approximations to “ideally perfect’’ sing 
crystals and maintain them as such. 

Probably the reason why the most perfect crystals reported 
the literature are samples of diamond and calcite lies in the extrao! 
dinary rigidity of one and in the mechanical protection afforded th 
other by the conditions under which they grew. Most natural crystals 
either have grown under such conditions as to favor the mosaic ty] 
of structure, or have been subjected to geologic forces which have 
troduced imperfections by mechanical means. 

(3) Growth from Solution—(a) Fig. 1 is a schematic ten 


perature-concentration diagram for a typical solution. The solub 


ity curve connects points at which “saturation” is found. li 
temperature and concentration of such a solution are such as to g1\ 
a point on the solubility curve, then a crystal of the solute suspenced 


in the solution will neither grow nor dissolve. If the temperatur 
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entration of the solution are changed to correspond to a 

tuated to the right of the solubility curve, the crystal will dis- 

[f the temperature and concentration are made to correspond 

-4 point at the left of the solubility curve, the crystal will grow 
the expense of the solute in the solution. If no seed crystal 1s 
Jlowed to enter the solution, it may be cooled to a second tem- 
yerature-concentration condition shown by the ‘“‘supersolubility 
urve’. Passing to the lett of this curve, crystallization proceeds 
spontaneously and the crystals come down in the “labile shower”, 
corresponding to the familiar “precipitate” of the analytical chemist. 

[he situation is exactly like that described for growth from 
the melt except that the presence of a solvent introduces the con- 
centration of the solution as a variable along with the temperature. 
Bearing this slight complication in mind the theory of growth of 
rystals from the melt can be translated directly into a theory for 
crowth from solution. The saturation curve connects freezing points 

the solute at various concentrations. ‘The supersolubility curve 
connects temperatures of maximum undercooling of the solute at 
various concentrations. Solution, therefore, becomes almost synony- 
mous with melting, precipitation with freezing, and supersaturation 
with undercooling. In dealing with solutions, however, we cannot 
speak of the freezing point or melting point of the solute alone; we 

ust regard the temperature of saturation as representing the freez- 

, or melting point of the solute dispersed in contact with solvent 

a solution of some definite concentration. We must similarly 
restrict our statements in connection with supersaturation. 

There is every reason to believe that the mechanism of crystal 
growth from solution corresponds almost exactly to that described 
ior growth from the melt. The growth of needles from the sur- 
lace of the seed is, however, only an assumption in this case. The 
assumption is based on analogy with crystallization from the melt 
and does not necessitate needles large enough to be seen with the 
microscope. This picture leads us, then, to the conclusion that im- 
perfection is the natural state for a crystal grown from solution, 
even when it is grown at a reasonably slow speed. Probably natu- 
ral crystals of calcite, requiring thousands of years to grow, repre- 
‘ent the closest possible approximation to ideally perfect crystals 
1 be grown from solution. 


+} 
(nat cay 
1 


(b) Weare accustomed to the fact that the unbalanced forces 
surface of a droplet of liquid have a component parallel to 
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the surface so that they tend to give the droplet a spheri 
ven when the surface tension is very small, the surfaces o 
of ordinary liquids are rounded because these liquids have n 
of shape. In the case of a crystal in contact with the m 
the surface forces or the rigidity, or both, may have large yaly 
If the strength of the crystal is in excess of the strength of the sy; 
face forces the crystal will be polyhedral in shape. If the streng 
of the crystal is less than the strength of the surface forces the crys 


tal must have a rounded exterior. The interfacial tension betwee, 






the solid and the melt does not necessarily decrease with tem 


PT 
4} 







Fig. 2—Typical Rounded Outlines of 
Copper Crystals Grown from a Bis- 
muth Solution at 800 to 900 Degrees 
Cent. Others May be Found on Page 
31 of Reference 8. 



















ture at the same rate as does the strength of the solid material. The 
result is that in some cases the same material may assume a polyhedra 
or a spheroidal form depending upon the temperature at which tl 
crystal is grown. In such cases the required freezing temperatur 
may be obtained experimentally by crystallizing the material fro 


a solution. For instance(10)(11) if copper is crystallized fron 
a copper-bismuth melt containing 50 per cent copper by weight, 
most of the copper crystallizes out between 900 and 800 degrees 
Cent. (1650-1470 degrees Fahr.). If the melt contains only 25 per 
cent copper, most of the copper crystallizes out between 800 and 
700 degrees Cent. (1470-1290 degrees Fahr.). Still lower cot 
centrations of copper in solution in the bismuth crystallize out a! 
still lower temperatures. The interfacial tension between the soll 
copper and the melt decreases so much more slowly with tempera 
ture rise than does the rigidity of shape that copper crystals grow! 
from the 50 per cent solution all have rounded exteriors. (See Fig 
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Table I 
Effect of 56 on Nature of BaSO, Precipitate 


P Expressed in 

Gms. Per CC. 6 Nature of Precipitate 

0 0 No visible precipitate in a year 
to Micro-crystals expected after sev 
.0006 3 eral years. 


.0006 3 


to to 
.0096 48 


Slow precipitation at 6 8 
Suspensoid stage at 6 2 
Complete separation in months to 
hours. 


.0096 48 Precipitation in a few seconds at 

to to 6 48 

38 21,900 Instantaneous precipitation with 
crystal skeletons and needles at 
6 > 48 
At 6 21,900, crystals so small 
as to be barely visible. 


.38 21.900 Immediate formation of so-called 
to to amorphous precipitate. 

17.51 87,500 

17.33 87,500 Clear jelly. 

to to 

40.9 04,500 


2.) The 25 per cent solution yields a large number of copper crys- 
tals with polyhedral exteriors and a few with rounded exteriors. 
Still lower concentrations of copper yield nothing but polyhedral 
rms. Similar results may be shown by crystallizing beryllium 
from silver(12) (13), or aluminum(12) (14), or FeSi from iron(10) 
15). Surface effects such as have been described will certainly 
increase still further the tendency toward a mosaic structure in a 
crystal grown from solution. 

(c) Von Weimarn(16) has shown that the size of the crys- 
tals obtained by spontaneous crystallization from pure solutions is 
i function of the solubility, degree of supersaturation, and viscosity 
of the solution. Let S represent the solubility of the solute, let P 
be the degree of supersaturation (i.e. the number of gram-molecules 
‘f the solute which must be removed from one liter of solution to 
reduce it to saturation), and let » be the coefficient of viscosity of 
the solution. Then the perfection and particle size of the crystals of 
precipitate are determined by the “dispersion coefficient” 8, which 
is defined by the equation P 


(2) 


Sn 


When 8§ is very small, crystallization is very slow and the crystals 


would probably be very perfect. The time required to grow a siz- 
able crystal would, however, probably be measured in geologic units 
rather than in hours or days. When 8 is very large the number of 
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spontaneous nuclei is so great that practically the who 
in the form of nuclei and the mass forms a so-called amor; 
This is illustrated in Table I which gives some of von 





results on BaSQO, precipitated from mixtures of aqueou 





of barium thiocyanate and manganous sulphate. The 





SOT ¢ 


degree of supersaturation, i.e., the faster the precipitation 





the more nearly do we approach the amorphous jelly type 








tate. Since the amorphous jelly has almost none of th 





istics which we associate with a crystal we may make th: 





zation that the faster a solute is precipitated the less perfect 





tals will be. It would seem from Table I that even for 


stow speeds of crystallization in the laboratory, imperfectior 




















normal state of a crystal. 











(4) Growth in Solids—(a) It is inconceivable that 


VQ) (7 





tals having different orientations should meet in the body of a sol 





without having at the interface a thin layer of molecules whose posi 





tions represent a compromise between the locations demanded 





one of the crystals and those demanded by the other. This tl 





semi-disorganized layer is the crystal analyst’s substitute for tl 





“amorphous intercrystalline cement’? which has been postulated 





many metallurgists. This conception of a semi-disorganized inte 





crystalline layer leads at once to a picture of the mechanism of t 





growth of a crystal in a pure solid at the expense of its neighbors 





In order that crystal growth may occur in a pure solid it would | 





necessary for one of the crystals to align the molecules’ of t! 





intercrystalline layer according to the pattern set by its own orienta 








tion. This in turn would produce a new intercrystalline layer whicl 
would have to be formed at the expense of the less favorably oriente: 








crystal. The molecules of this newly disorganized layer would the 








have to be aligned to conform to the pattern of the growing crys 





tal, arid the whole cycle would have to be repeated over and ove! 





again until the less favorably oriented crystal disappears. 
In ordinary metallurgical practice it often happens that a mass 














of metal is heated to encourage crystal growth. It is not 





often that solid crystalline materials of this sort are pure enoug! 





for the simple mechanism which we have just described to rep 








‘Since the potential energy of the atoms or molecules in such a disorganiz 
be greater than the potential energy of the systematicaily arranged atoms of a 
to be expected that etching reagents will, in general, strongly attack the 
boundaries. This offers at once a rational explanation for many of the facts 
line corrosion. 


























In the case of most metals, the word “‘molecules’’ as used here, becomes sy! 
*“atom.”’ 





with 
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actual facts. We have seen that when substances 

e from a melt, the “insoluble” impurities tend to col- 

the intercrystalline boundaries. It is obvious that these 

spurities will tend to form a mechanical barrier to crystal 

eowth(10). To form such a barrier the amount of impurity need 

he onlv an extremely small percentage of the total, for it only has to 

well scattered through a thin layer at the crystal boundary. In 

‘erms of this picture, in order to enable a crystal of a material of 

y ordinary overall purity to grow at the expense of its neighbors, two 

ct the crys conditions must be fulfilled: (1) the intercrystalline boundary must 


reasonab] he 


unctured in some way in order to bring pure crystals in contact 


with each other, and (2) the mass must then be heated above some 


characteristic temperature range such that the molecules in the punc- 

‘ured areas become mobile enough to align themselves in accordance 

r ot a soli with the demands of the crystal which is to grow. This is consistent 

Whose posi with the ordinary metallurgical experience that crystal growth in 

manded }y metals is facilitated by hammering, swaging, or passing the metal 

This. thit between rolls, followed by heating the deformed metal above some 

ite for th characteristic temperature. Mechanical working cannot destroy or 

stulated by remove the impurities from an intercrystalline layer, it can only 

ized inter change the distribution of the impurities so that here and there the 

lism of tl layer is punctured. The invading crystal, therefore, cannot advance 

neighbors long a continuous front, but must be thought of as sending out 

t would bh needle-like shoots or sprouts through the punctured portions of the 

Ss! of this intercrystalline layer. The spaces between these needle-like 

wn orienta projections must be filled in as well as_ possible by _ re-align- 

ayer which ig the molecules of the invaded crystal through growth from 

ly oriented the sides of the needles. Such a picture is so nearly like that which 

would then we had for the growth of crystals from the melt that we feel jus- 

tified in the conclusion that imperfection is the natural state of crys- 

tals grown in mechanically deformed solids. This conclusion is 
consistent with the ordinary experience of crystal analysts. 

hat a mass (b) Certain materials show allotropic forms, that is, they ex- 

hibit more than one crystal form, each one of which is stable over 

a definite temperature range. A familiar example is the case of high- 

purity iron which changes reversibly(17) from the body-centered 

cubic “alpha” form to the face-centered cubic “gamma” form at 

408.5 degrees Cent. + 2. X-ray examination fails to show any 

amorphous range between the high and low temperature forms of 

an allotropic material. This must mean that allotropic changes do 


wing crys 


r and ove 
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not require molecules'' to move past each other. Small 
translation, sometimes accompanied by motions of rotat 
molecules, must be sufficient to enable an allotropic su 
change from one of its crystal forms to the other. Thi 
appears to be always fulfilled. The case of alpha and gamma jro, 
will serve to illustrate the point. It is well known tha 
centered cube may be considered as a face-centered tetrago 
1 
with an axial ratio of ——-. The face-diagonal of the body-center 
V2 

cube becomes the edge of the base of the face-centered tetragonal 
prism. The altitude of the body-centered cube is identical with ¢| 
altitude of the face-centered tetragonal prism. Let us assume jo; 
the sake of simplicity that the iron has changed from the bod 
centered cubic (1.e., face-centered tetragonal) structure to the { 
centered cubic structure without change in density. Let a;.. be 
length of the edge of the face-centered tetragonal prism and let ; 
be the length of the edge of a face-centered cube of the same volum 
a cet 


Then —— = vol. of f.c.t. prism = a*;., = vol. of f.c.c., 


3 
a’ tee 


so that 








? 


8 
a tet \ 


Atce 


= 0.89 





Arct 
So in going from a face-centered tetragonal prism to a face-centered 
cubic prism of equal volume, the base must shrink to 89 per cent 
of its original length, and the altitude must increase to 89 & \/2 = 12 
per cent of its original height. These represent pure motions 01 
translation of the order of 0.45 & 10-8 cm. and 0.75 & 10° cm 
respectively. It will be seen from the published data on the “pack- 
ing diameters” of atoms that these are respectively of the order oi 
1 and 4 of the diameter of the atomic domain of iron, and ar 
therefore of the order of only } and 4 of the maximum valu 
which can be assigned, crystallographically, to the diameter of 
iron atom. Evidently any mosaic structure in the original crystal 


- . . . 2 ] sere 
has a good chance of persisting in the new crystal. Indeed, ther 


For purposes of brevity the word “molecules” will be used here to represent not only 
true molecules and the atoms of metals, but also ions such as the COs- ion in i 
aragonite, or the NH 4+ ion in ammonium chloride. 
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be a good chance that additional strains would form which 


would even cause new crystal boundaries so that the new crystals 


would, in such cases, be smaller in size than the old crystals. Such 
break-up of crystals during allotropic change (as from gamma 
to alpha iron) is of common occurrence in metallurgy. 
(c) In metallurgical work it frequently happens that substance 
he “dissolved” in solid solution in substance A above some 
definite temperature, but below that temperature individual solid 
phases separate out which are either A and the ionic compound 
\, B, or a solid solution of B in A and a solid solution of A in B. 
This involves much greater atomic motion than the processes which 
we have so far considered. Obviously atoms of B can travel through 
the body of the metal only by taking advantage of interstices be- 
tween the atoms of A. It cannot be assumed that the compound 
\, B,, as such, travels through the metal; the interstices between 
atoms of A are hardly large enough even at high temperatures. The 
effect of travel of A, B, can, however, be obtained solely through 
the migration of B plus slight motion of the atoms of A. There 
is good reason for assuming all the atoms of B in a solid solution to 
be combined with A to form “molecules” of the ionic compound 
\, By. It may be shown, too, that the apparent migration of 
\. B, can be accounted for if we assume that when each B™ ion™ 
migrates it returns the valence electron which it has borrowed from 
an adjacent atom of A on one side, and that it borrows a valence 
electron from another atom of A on the other side. Each ion of B 
is thus always a part of an ionic “molecule” of A, By, but it is not 
always combined with the same A*. In this way although only ions 
of B’ travel through the metal A, each one is at any instant a real 
V2 = 12 part of some “molecule” of A, By. If this picture is accepted, a 
motions oi discussion of the effect of migration of the B™ ion will, in general, 
x 10° cm serve to explain both the formation of crystals of A, B, and the for- 


the “pack- mation of crystals of solid solution A - in - B or B - in- A. 
he order of 


and let a 


ime volum 


: f.c.c.. 


ice-centered 


89 per cent 


It is evident that if an ion B” is to move from the left side 
mn, and ar to the right side of an atom (or ion) of A, (1) the heat motion 
mum valu must happen to cause all the atoms (or ions) of A lying to the right 
eter of at of B’ to move simultaneously away from each other, leaving a hole 
inal crystal through which B™ can pass, and (2) at the same time the heat 
deed, there motion of B” must happen to move it in the direction of the hole. 


5 Statement is worded in terms of B being the negative ion. The changes in 
en A is the negative ion will be obvious. 
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The number of accidental opportunities of this sort per 
decrease as the temperature is decreased, partly becaus: 
age motion of the atoms is slower, and partly becaus: 
fraction of the openings formed will be large enough i 
If, in their random wanderings, two ions of B° find the: 
the correct configuration with each other and with the 
to conform to the crystal structure of A, By, then, if this , 


tion represents a decrease in the potential energy of the system. ¢ 
configuration will tend to be stable enough to persist. If now a thi; 
ion of B’ migrates to the correct position with respect to 

two, the configuration tends to become still more stable. Thi 
ess is repeated until a crystal of A, By, is formed. It is not | 
assumed, however, that this crystal will be “perfect”. I 
method of formation involves the chance of atoms of A bein 

closed as impurities in the crystal, thus causing local distortio 
which would give the effect of a mosaic structure. If the config 
tion of A, By does not represent a sufficient decrease in the potenti 


energy of the system, ions of B™ will tend to migrate off until tl 


happen to meet other ions of B. If the resulting crystal! oj 
represents a decrease in the potential energy of the system, the crys 
tal will tend to be stable enough to persist and it will grow if othe: 
ions of B” happen to migrate to it. Since the migration of 

A and B will be haphazard, the crystal of B will not be entirely fre 
of A. Stray atoms of A may become enclosed mechanically in t! 
crystal of B. These will exist as ions of molecules of A, By, so thai 
what we have called a crystal of B is really a crystal of a “solid 
solution of A (i.e., Ax, B,) in B”. Similarly, laggard ions of B 
will be left enclosed as Ax, B, in a “solid solution of B (i. « 
A, B,) in A”. This picture is consistent with ordinary metallurg! 
cal experience. It may be shown that these dissolved ions will | 
troduce enormous strains in the crystal. These highly local 
strains can only result in a mosaic type of structure. 


SECONDARY CRYSTAL STRUCTURE 





We have now discussed the various important methods of crys- 
tal growth and in every case we have come to the same conclusio1 
namely, that imperfection is the natural state of a crystal. We hav 
seen that, for crystals grown from the vapor or from the me 


18When such energy conditions exist, then if two B-- ions meet, each must return 
extra valence clectron to A so that atoms of B exist in contact with each other 
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perfections may be pictured as being due to the formation 
-celeton of needle-like erowths which is later filled in with 
stalline material.1* We must now try to find, in the very 
f the crystalline state, (1) some reason for the existence 
a skeleton and what its probable spacing is, and (2) the 

such skeletons on the physical properties of crystals. 

The Nature of the Skeleton Structure (“Pv’ Planes) 
\We need first to satisfy ourselves that there are spots on the surface 
4 crystal from which growth may take place with comparative 
ease. The following line of reasoning will show that this is indeed 
‘he case. We have already seen that surface tension effects are 
present in crystals. Estimates of internal pressure and measure- 
ments on the surface tension of molten metals and molten salts at 
their freezing temperatures lead us to believe that these surface ten- 
distortions sion forces in crystals are very large. We have seen that these 
e configura- forces may even be large enough, under the proper circumstances, 
he potentia f to force a crystal to abandon its polyhedral shape in favor of a 
f until the spheroidal shape. The surface of a crystal must therefore be as- 
i] sumed to be under a heavy stress. It is inherent in the very nature 
f surface tension that this stress must decrease with the depth below 
‘ow if other the surface. Consider for purposes of illustration a minute seed- 
ion of botl crystal of an alkali halide such as NaCl.*° The surface tension must 
ntirely fre tend to bring the surface Na*+ and Cl ions closer together on the 
ically in th cube face, thus decreasing the lattice parameter at the surface. FE vi- 
dently, the surface cannot contract as a whole, for since the effect 
decreases with the depth below the surface, the smaller lattice 
parameter of the top layer would bring, at definite intervals, an ion 
in the top layer directly above an ion of the same sign in the next 
metallurgi- lower layer. Such an impossible situation would be avoided if the 
ons will i surface were contracted in patches of substantially the same size, with 
ly localiz crevices separating the patches. The linear size, L, of such a patch 
can be calculated by the method of Zwicky(18) as*® 


‘We have seen that there is good reason for assuming this same picture to hold also 
! from solution. Growth from the solid. comes into the present discussion only to 
xtent, for the original crystals in the solid were formed either from the vapor, or 
; melt or from solution. 
ids of crys- 
% picture given here may be generalized so as to apply to a metal by assuming the 
conclusion ence electrons to occupy positions in the crystal structure. The positive metallic ions 
: vould espond to the Na+ ions and the valence electrons would correspond to the C1 
We hav ns nsiderable justification may be found in the literature for this sort of picture. Of 
: 1 substance will have its own characteristic dimensions for its crevices. 
n the mel 


detailed discussion. The reader is referred to Zwicky’s articles in the Physica 
in the Proceedings of the National Academy of Sciences for a presentation 0 
{ view. 


must return 1s Review and 
her. 


se calculations are identical with those made by Zwicky (loc. cit.) in the course of 
l 
f 


, 
) 
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L = 100 — 
) 

where a, is the length in Angstroms of the edge of the w 
NaCl and y is the per cent contraction in the lattice para 
surface. Zwicky has shown(19) that, when a crystal of 
under tension along its length, it suffers a lateral contra 
may be as large as 5.4 per cent (Lennard-Jones has shown(20 
the lateral contractions of all the alkali halides are of the orde; 
per cent). We will assume, therefore, that the stress perpendicy| 
to the surface of our seed-crystal of NaCl is accompanied by 
traction, y, at the surface of 5.4 per cent of the normal 
parameter. Then equation (3) becomes 






5.6 


L = 100 —— = approx. 100 A 4) 
5.4 












That is, if the surface of a newly deposited film of crystalline } 
is to avoid having ions of the same sign directly over each other, jt 
must be broken up by crevices which are not more than 100 A apar 
Since there is no reason why these crevices must be closer toget! 
we will assume that they have a substantially regular spacing of 10 


Such a surface should be one possessing minimum free energy 


Crevices of this sort will extend into the crystal to a rat! 
definite depth which we will assume to be that at which the surfac 
tension effect is no longer detectable. This depth may be calculat 
for NaCl as follows(18). Let e« be the decrease in surface energ 
due to the contraction in one square centimeter of surface. The: 















if the area of a single patch is S, the decrease in energy associat 
with the contraction is S e. Let S’ represent the area of surface 11 
the crevice which is formed at the expense of the energy Se. The 
since the energy used up in making the crevice must come from ‘! 
surface energy, we have 
Ses Se 
where o is the surface tension of the NaCl. Calculation on the basis 0! 
the ionic nature of NaCl gives « a value of about 220 ergs/sq.cn 
The related value of o for solid NaCl is found to be 156 ergs/sq.cn 
S ‘ 4 
as follows: o = 0.12 —— where e is the electronic charge and a, 1s the 
3 
do 
lattice parameter of the crystal of NaCl. Then 









(4.77 & 10-?°) 
o = 0.12 ————_————_ = _ 156 ergs/sq.cm. at room temperatur 
(56 < 10°) 
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n NaCl at 800 degrees Cent., o 
sume that the surface tension decreases uniformly with the 


> approx. 100 ergs/sq.cm. 


low the surface, we have an average value “ - 78, so that 


Within the precision of the calculations 
a 


nust equal 78 S’. 

say that S 5 Now the length, L, of one side of 

+) was found to be about 100 A, so that S (100)? sq. A. Since 
there are four crevice-surfaces per patch, the total length of the 
revice per patch is 4 L — 400 A. The area, S’, of the crevice- 
surface associated with each patch must, therefore, be S’ = 400 d, 


a 


vhere d is the depth in Angstroms of the crevice. Since S is ap- 


proximately equal to 4 S’, we have 
; 400 d 


3 
so that d is in the neighborhood of 75 A. 


(100)? 


We therefore have the picture that by the time a seed crystal 
of NaCl has grown to be several hundred atomic diameters across, 
its surface is covered 
approximately 100 A 
width of each crevice must be at least the “packing-diameter” of a 
Na Cl This picture is perhaps too simple. 
be expected that these crevices will be entirely empty. 


with a square network of crevices which are 
apart and about 75 A deep. Obviously the 


or ion. 


It is not to 
Near the 
we must expect to find here and there stray ions of Na’ and 
attempting to bridge across from one wall of the crevice 

the other. 


to 
at 
any definite spacing with respect to each other, but wherever such 
a stray ion does exist its exact position will be determined by the 
electrostatic forces between it and its neighbors on the walls of the 
crevice. 


There is no reason to suppose that these ions occur 


These stray ions, then, would act as poor attempts at 
bridges here and there across the crevices. They would give the 
crystal as a whole somewhat more strength across the crevices than 
it they were entirely absent. 

In order to facilitate further discussion of the effect of these 
crevices, we will assume that the surfaces of the patches on the seed 
crystal all lie in a horizontal plane. 


At the center of each patch, 
the 


are pulled equally in all horizontal directions by the ad- 
jacent ions on all sides. 


ions 


As we go closer and closer to a crevice we 


inally reach a region where the electrostatic pulls are not exactly 
valanced ; the total pull toward the crevice is less than the total pull 
toward the center of the patch. 


The horizontal inter-ionic spacing 
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will therefore be smaller and smaller the closer we com: 


and the potential energy between adjacent ions will tl 


come less and less. 


Similarly on the surface of a crevic 


cal inter-ionic spacings will be smaller and smaller tl 


come to the surface of the patch, and the potential energy 


come less and less. 


Ions at the corners formed by the 


of two crevices with the surface of the patch will hay 


potential energy of all; they will be closest to their nei 


the seed crystal grows vertically it is to be expected, then, tl 


will take place most readily at these corners, for the ney 


ions will be most tightly held at such points. This shou! 


in a primary crystal growth along a vertical needle-like skele; 


with a subsequent filling in on the surface of the patch 


ing in should occur most rapidly at the edges formed by the ; 


sections of the crevices with the top surface of the seed crystal, 


cause of the relative closeness of packing of adjacent ions along thes 


edges. 


The central portion of the patch should be the las 


filled in. Obviously, a height will at last be reached such that a ho: 


zontal crevice will be formed to relieve the distortion along the sw 


faces of the vertical crevices. 


The argument in this case is identi 


with the argument which originally led us to assume the exist 


ence of vertical crevices,’ with one exception. 


of forming the horizontal crevice, we have at each corner 


of the original patches a vertical needle extending above the 


When the horizontal crevice is formed, tl 


eral level of the patch. 


projecting needles should determine the orientation of the new er 


tal fragment which will grow above the horizontal crevice. 


orientation of the new growth above the crevice will therefore diffe 


from that below it only by reason of some small accidental tilting 


the projecting needles at the time of forming the horizontal cre 


We have, then, arrived at a theoretical picture of the gr 


of the NaCl seed crystal which requires the final “single-crystal 


be really a mosaic of crystal fragments, all having nearly the sai 


orientation, and all having practically the same size and 


separated by crevices of substantially uniform spacing. 


ing this picture so as to make it apply to other salts an 


we may think of the structure of 


1 “single crystal” as bein; 








vertical crevices ; 


l?Since the horizontal distances between the 


and since our 


calculations have shown that the depth of a crevice is abo 


that the horizontal crevices from the four sides of a given patch will 


ce 





ntinuous horizontal crevice. 
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of points (such as is described by the Theory of Space- 
on which is superimposed a coarser structure represented 
crevices.!8 Following the terminology of Zwicky(18) (21), 
call the planes of the finer structure “p-planes” and the 
the crevices which outline the coarser structure ‘‘z-planes.” 
‘nce each crevice must have two walls, it is evident that -planes 
must come in pairs. We may call the crevices z-crevices. Just as 
the spacing of the p-planes is a characteristic of the material of which 
the crystal is composed, so the spacing of the z-crevices must be a 

definite characteristic of the material. 
should resni It is not to be expected that the surface forces which we have 
ike skelet | ‘ar considered are the only forces tending to form crevices in 
h. This | a crystal. For instance, we have neglected entirely thermal strains 
by the inte: ised by the fact that the latent heat of solidification is given up 
1 crystal. be- at the surface of the growing crystal. This heat must be taken 
S alone thes away mainly by conduction through the crystal itself, so that as the 
ie last to | crystal is built up it is subjected to rather large local strains. “These 
1 that a hori strains should tend to alter somewhat the orientations of the crys- 
long the sur. tal fragments which compose the mosaic, causing slight irregulart- 
€ 1s identica ties in the walls of the z-planes and thus giving rise to “‘super- 
e the exist crevices.” Zwicky has shown(22) that electrostatic considerations 
the moment also point to the existence in a “‘single crystal” of a structure still 
rner of eacl coarser than that of the z-planes. The walls of these super-crevices 
may call II-planes, and the super-crevices themselves II-crevices. 
(he picture of x-planes and of z-crevices is almost entirely a theo- 
he new crys retical picture. There is at present no direct experimental evidence 
revice. 1] of their existence and it is hard to see how there ever can be. Be- 
refore differ cause of the changes in the density of a crystal from point to point 
tal tilting o! along the edge (and faces) of the mosaic, and because of the small 
tal crevic width of the z-crevices in comparison with the width of the mosaic 
the grow! units, X-ray diffraction from the z-planes (1.e., from the spacings 


le-crystal” t ot the mosaic units as a whole) should be of almost zero intensity. 


rly the sat [he only real indirect evidence for the existence of z-crevices lies 
d shape, at in the intensities of the X-ray beams diffracted from the p-planes 
Generali of crystals. It will be remembered that the data on the intensities 
1d to metals of diffracted X-ray beams show that most crystals are almost “ideally 
being a lat imperfect.” This imperfection of structure is, of course, consistent 
with the idea of z-crevices but does not require them to be regu- 


s type of picture is consistent with all the X-ray data on the degree of imperfec- 


stals, and leads directly to the outstanding mechanical and crystallographic proper- 
stalline materials. 
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Ass. 
larly spaced. There does seem to be considerable indire; 
for the existence of Il-planes and II-crevices. This ey; 
now be outlined, using the assumption that the distanc: 
II-crevices are substantially equal. If this assumption is 
the picture becomes somewhat less elegant but the con 
be drawn will not be seriously altered. In such a case 
changes in wording required will be obvious. According t 
calculations, they may have a spacing as large as 5000 A or possjj 
even 20,000 A, depending upon the material of which th | 
crystal” is composed. Apparently the super-crevices whose 
constitute the II-planes are of somewhat greater width than 
crevices which we have called z-crevices. 

(2) Consequences of x-Planes and W-Planes—(a) From the 
standpoint of crystal growth no substance can be regarded 


; 
as Dein 
9 


really pure, for if an impurity is present only to the extent of a 
few parts per million it may still affect the crystal growth by con 
centrating on the growing surface. Most ordinary materials co 
tain impurities in amounts ranging from a fraction of one per cent 
up to several per cent. We may imagine these ions (or atoms or 
molecules) of impurity to collide with the growing surface in ex- 
actly the same manner as the ions (or atoms or molecules) of the 
crystallizing material. The chemical bond between the impurity 
and the crystallizing material may be (1) weaker than, (2) equal 
to, or (3) stronger than that between adjacent ions (or atoms o1 
molecules) of the crystallizing material. (1) If the bond is 
weaker, the impurity will have a greater chance of leaving 
the surface than will the ions (or atoms or molecules) of 
the crystallizing material. The impurity will therefore be pres- 
ent mostly in the form of material entrapped in the z-crevices, 
in the II-crevices, or in the intercrystalline boundaries. Only 
a fraction of it will be left to foul the growing surface and 
retard crystal growth. (2) If the bond is practically equal, th 
impurity will enter into the structure of the p-planes after the man- 
ner of the alums. (3) If the bond is stronger, either the impurity 
will remain on the growing surface, fouling it so as to retard growth, 
or the impurity will leave the growing surface, taking with it that 
portion of the surface material with which it has combined, and in 
such a case it must tend to concentrate at the z-planes, at the Il-planes, 
and at the crystal boundaries. 

When an impurity tends to deposit on the growing suriace 0! 
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tal, deposition must occur most strongly near the corners and 

the patches, for these are the places where the potential 
becomes least. But these are exactly the places which are, 

to our picture, the regions of fastest crystal growth. In 

words, an impurity tends to foul the growing surface in such 

way as to retard crystal growth most effectively. If it were not 


‘or diffusion of the impurity from regions of higher to regions of 
lnwer concentration, there would be little chance of having any un- 


—~— P Hanes 
CF WT Planes 


AT 





Fig. 3—(a) p-Planes and m-Planes in an Undistorted Crystal.  (b) 
p-Planes and m-Planes in a Distorted Crystal. 


fouled surface. When, however, the impurity adjacent to one group 
‘f patches is deposited on the growing surface, the region above that 
surface finds itself with a lower concentration of the impurity than 
its surroundings. The impurity at once tends to diffuse into these 
impoverished regions, thus reducing the chance of some other, ad- 
jacent, group of patches becoming fouled. These comparatively 
clean groups of patches, therefore, will be able to grow more rapidly 
than their fouled neighbors, thus forming macroscopic needles. Of 
course, since these needles tend to grow sideways as well as in the 
direction of their length, the sides become covered with patches 
separated by w-planes. A discussion similar to the above shows that 
the sideways growth will eventually become a matter of sending out 
secondary needles, and that these finally must send out tertiary 
needles, etc.° It may be assumed that all these macroscopic needles 
predicted by theory represent the actual needles described in the ex- 
periment with sodium hyposulphite. A similar line of reasoning 
may be applied to dendritic structures so familiar to metallurgists. 
_. This needle-like skeleton corresponds tw the “lineages” of M. J. Buerger (American 
“ineralogist, 17, 177, 1932) except that it is brought out in this discussion that the ultimate 
ee t which each large needle is composed can hardly avoid having transverse crevices. 


the necessity for this complication is once granted, Buerger’s “lineages” become 
| with the needle-like skeleton described here. 
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(b) Consider an undistorted “single crystal” and 
parent orientation be known from goniometer or X-ra 
ments. It is a consequence of the mechanism of growtl 
have described, that the individual fragments which ¢« 
mosaic differ only slightly in orientation from each ot 
given set of atomic planes will appear to pass through 
fragment, across the z-plane, and through the next crysta 
with hardly a perceptible break. This is illustrated in |] 
may be assumed that for such a crystal, the orientation 
served across the boundaries of the H-planes. Such cry 
be expected to be mechanically weak. The large spacing 
adjacent z-crevices and the still larger spacings between adjacent Jj 


crevices will offer good opportunities for slip. Slip must occur { 















between the planes of greatest spacing, 1.e., between the II-p! 
This gives a reasonable explanation for the well known fact that 


fa 
metals the slip bands have spacings which are rather exact mul 
tiples of the smallest spacing between bands. Since the directio 
slip does not, in general, coincide with the direction of pull, torqu 
will be set up which will tend to give somewhat different orientat 
to adjacent portions of the “single crystal.’ The II-planes woul 
be pretty well wrecked and each portion of the “single crysta 
would be jammed crossways against its neighbors. In a very 
sense the original “single crystal’? may be said to have been br 
up into a large number of smaller ones. ‘This is consistent with tl 




















ordinary experience of X-ray investigators. Slip must then 
place between the planes of next greatest spacing, 1.e., between 1 
7-planes in each portion of the crystal. The torques set up will ter 
to rotate the fragments of which the mosaic is composed so tl 
they will no longer look like Fig. 3a, but will be like Fig. 3 
Further slip can only take place between the p-planes. This is 1 
likely to take place because of the closeness of the spacing. Bei 
slip will take place between the p-planes, it is to be expected that 
rupture will occur along the line of the wrecked II-planes or z-p! 

If we adopt this picture of slip, we have not only explained : 
once why metals show block-slip rather than a continuous shea 
but we have made it necessary for the block-slip to occur in sn 
finite increments. The picture requires that slip must occur 
between the two weakest II-planes. Slip will proceed until the planes 
become wrecked at some point by the jamming of the z-plane stru 






ture. Slip must then start in the next weakest II-crevice 
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must continue until finally the process is taken up by the 
--crevices. In other words, slip must be a step-by-step 
Experiment shows that this is actually the case. Joffe and 
nfest and later Miss Klasson have shown(23) (24) that shear 


zinc and in rock salt progresses in small jumps. The magnitude 


; the jumps remains constant to within 10 per cent for thousands of 
imps. The initial time interval between successive jumps depends 
pon the difference between the applied load and the elastic limit, 
but for a given shearing stress it gradually increases until the jumps 
nally cease. The effect is illustrated in Fig. 4 which is taken from 
lofié’s, “Physics of Crystals” ( McGraw-Hill, 1924). 


Time 
Fig. 4—Step-by-Step Slip. 

It is well known that slip ordinarily occurs in the direction of 
those p-planes which have the greatest interplanar spacing. Our 
discussion of slip has therefore implied that the z-planes and the I- 
planes lie parallel to those p-planes which have the greatest inter- 
planar spacing in the crystal. An examination of our discussion of 
the formation of z-planes shows that this is implied there too, for 
crevices may be expected to form most easily along the largest inter- 
planar spacings of the growing crystal. This in turn implies that 
the normal direction of crystal growth is perpendicular to the slip 


planes in an orthogonal crystal. Cases in which growth appears to 


e in some other direction may really be examples of a zig-zag 
growth perpendicular to members of the family of slip planes. 
Obviously, as the weakest II-planes and z-planes are wrecked 
in succession so that they can no longer slip, the tensile strength of 
the crystalline material must increase; that is, the crystal must strain- 
strengthen. The only way to avoid strain-strengthening would be 


1 


ep the material at such a temperature that the wrecked planes 
repair themselves as a result of the high atomic mobilities as- 
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sociated with thermal agitation. The picture which has 


for the mechanism of slip explains strain-stiffening also, 


has shown by X-ray methods(23) that when a single crys 


beyond the elastic limit it really suffers a large number 


shears of the block-slip type. 


Since the tensile properti 


terials are pictured as depending upon the H-planes and x 
is not surprising that the tensile strength of a crystal ca 


calculated from the electrostatic 


forces between the ions 


planes. As would be expected, the actual tensile strength o| 


is always considerably smaller than that calculated from th 


We have seen under (a) that next to the intercrystalline bound 
aries, the crevices between the II-planes and between the z-pla 
offer the most favorable place for the deposit of impuritie 


crystallization. 


ordinarily attached to the word “impurity.” 
an appropriate thermal history, an alloy 


aries, and in the crevices between the II-planes and between the - 


The idea may be expanded beyond the nit 
When, by reason \ 
precipitates out” a ney 
phase, then this new phase will tend to collect at the crystal bound 


e 


planes, provided only that the atoms have sufficient freedom of 


tion to permit the necessary migration. 


phase between the Il-planes and between the z-planes must, 0! 


The presence of the 


iS 


1) 
Ail 


T 
A 


course, act to bridge over these crevices in an irregular fashion t 


tending to tie the side walls together and making slip more difficult 


This offers a simple and apparently adequate explanation of 


strengthening of metals by the precipitation of a new phase. 
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| 


TY} 


i | 


Hus 


effect of carbon in the strengthening of steels comes to mind at on 


as an illustration. 


(c) The theory has indicated that at the edges formed by t 
intersections of z-planes the molecules are especially close togethe: 
thus forming structures of minimum potential energy, and that 


spacing, (and therefore the potential energy), between molecules 


ic 


1 


Metallurgists will find many other examples i1 
ordinary metallurgical practice. 


increases as we go from the edges toward the center of a patch. bi 


cause of the lower potential energy, the melting point of the e 


portions must be somewhat above the melting point of the 1 


body of the patches. 


melting point, we may assume that the bonding of the II-planes ! 
first loosened, but the structure can not melt down because of 
rigidity of the blocks of which it is composed; the material mere) 


becomes soft. 
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When a crystal is brought just barely up to its 
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ines are loosened. Finally, the centers of the patches must 

leaving the edges of the patches to slough off without 

\ similar statement could be made of the edges formed by 
rsection of the H-planes. These unmelted ‘‘edges’”’ corre- 
-nond to the sloughed off portions mentioned in our discussion of 
orowth of crystals from the melt. We therefore have a theo 
tical explanation®® of the experiments of Goetz (5) and of Traube 
d von Behren(6) which have already been referred to, and the 
experiments of Richards(8) in which it was shown that the whole 
nana’ does not become a truly homogeneous liquid until a tem- 
nerature is reached which is appreciably above the melting point. 
We also have a rational explanation for the results of Boydson(25), 
who found that the electromotive forces of oriented bismuth crystals 
do not disappear at the melting point, but continue until the “liquid” 
is heated appreciably above the melting point. Applications of the 
theory of sloughing to the ordinary melting operations of the metal- 
lurgical industries will be at once obvious to all metallurgists. 

(d) The same considerations of potential energy that we have 
ready used in (c) serve to explain the action of etching reagents. 
\n etching agent must attack first the regions of highest potential 
energy. It must therefore attack readily not only the intercrystalline 
boundaries, but also the centers of the patches before it attacks the 
edges next to the z-planes and the z-planes themselves. Similarly 
we must expect that it will attack the I-planes last. It is not sur- 
prising then, that strongly etched crystals will show etching pits. 
\We may assume that the boundaries of the etching pits are parallel 
to the Il-planes and therefore to the z-planes and to the p-planes of 
greatest interplanar spacings. If this picture is granted, we have a 
theoretical basis for the technique of Honess(26) in determining 
crystal symmetries by means of a careful study of etch figures. 
Goetz(27) has found the etching pits of bismuth to be character- 
ized by steps which are separated either by a definite spacing or by 
a simple multiple of that spacing. He finds this fundamental dis- 
tance to be 1.4 + 0.2 & 10-* cm. Since this is the correct order of 
magnitude for the distance between pairs of II-planes he has pub- 
lished his data as offering possible confirmation of the existence of 

a secondary structure in crystals. In the opinion of the author,”' 


(his explanation offers a somewhat different point of view from that given by Goetz, 


apparently assumes that the —. off portions represent whole patches. 


D > 22 
K. B. Barnes (Phys. Rev. 43, (1933)) has shown by infra-red absorption measure- 


t if large crystals of rock-s “1 are made plastic by soaking in water and are then 
ind dried superficially, they contain considerable water in the interior. This water 









TRANSACTIONS OF 


Regular Spacing of Widmanstatten Figures 
Goetz’ work offers one of the strongest pieces of direct « 
evidence in favor of the existence of II-planes. 





(e) We have already built up the picture, that when a n 


Lit 


phase is precipitated in an alloy, it will tend to concentrate it 








crystal boundaries, and in the crevices between pairs of II-pl 





TO nearmi 
i()> 


pairs of z-planes, if only the atoms have sufficient mobility 





the necessary migration. If, however, the new phase finds that ¢l 








crevices between the II-planes and between the z-planes are alread 





NAT 
iSidl .. 


filled, then the new phase must crystallize as best it can in is! 








within the matrix. These islands correspond to the well 
segregate structures of the Widmanstatten type. It has been point 


out by Mehl and his associates(28) (29) (30) that these islands a1 














most likely to be formed so that some p-plane of the new phase | 





parallel to a p-plane of the matrix having approximately the sam 
interatomic distances. All the islands in a single crystal must ther 











fore take the form of thin plates and must have the same orientatio1 
within the limits set by the mosaic structure. When the nucleus o| 








such a crystal island is once formed, the region in its immediat 





neighborhood becomes impoverished with respect to the new phas 





Migration will therefore occur from surrounding regions where th 
concentration is still relatively high. 








Since the crevices between the II-planes are already filled wit! 





other material, migration can not take place readily across the I 
planes. A somewhat similar barrier must exist between each pair 
of x-planes but because of the narrower width of the z-crevices tht 
barrier will not be so difficult to overcome. We must expect, then 
that migration toward the nucleus of each crystal-island will be 
limited to that portion of the new phase which lies within the volum 


























can be removed by heating for 24 hours at 150 degrees Cent. Different crystals s! 
property to different degrees. If it could be shown by X-ray methods tl 
permeable the crystal the more nearly ideally imperfect it is, we would have an es 
piece of direct evidence for the existence of II-planes. 
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by the nearest I-planes. There is therefore a very high 
{ probability that there will be only one crystal island of the 
ise in each of these volumes.*” In other words, the average 
between crystal-islands should be substantially uniform. It 
| be the same as the spacings between adjacent Il-crevices pro 
| in a direction perpendicular to the length of the crystal islands. 
shows that these predictions are correct. Through the courtesy 
New Jersey Zinc Company, the photomicrograph is taken from 
er of Fuller and Rodda( 31) on “Segregate Structures of the 
Vidmanstatten Type Developed from Solid Solutions of Copper in 
ri lhe photomicrograph was taken from a single crystal speci 
en whose plane of polish was such as to give symmetrical orienta 
‘ons of the Widmanstatten figures. Lines were drawn showing the 
nlanes of all the traces having a given orientation. Because of the 
small area of surface (less than 0.9 sq. cm) shown in the photomi- 
crograph, it is not to be expected that every IH-plane will be repre- 
sented in Fig. 5 by a Widmanstatten line. It is evident, however, that 
the fundamental Widmanstatten spacings are all of substantially the 
same width and that the larger spacings are fairly exact multiples of 
this smallest width, as demanded by the theory. Calculations shows 


be n pointed ‘Lat their distance apart in the specimen is of the order of 5 x 10 
islands ar cm. Because of the effect of the orientation of the plane of polish, 
lies ind because of the mutual orientations of the planes upon which 
‘ly the sam the segregated structures are found, only the order of magnitude 


must there- of this distance is of any real significance. It is interesting to note 


e orientation that the spacing found here is of the same order of magnitude (one- 
e nucleus of third as large) as that found in Goetz’ etching experiments on 
S immediate bismuth. 
new phast We have taken up systematically the experimental evidence as 
s where the to the growth of crystals (1) from the vapor, (2) from the melt, 
(3) from solution, and (4) from the solid, and have discussed the 
y filled with physical conditions which are associated with each. In every case 
ross the H- ve found imperfection to be the natural state of a crystal. Follow- 
_ each palt ing the general lines of the theory of Zwicky, we have built up in 
crevices the detail a theoretical picture of the growth of crystals such that the 
xpect, then, imperfections are inherent in the structure, and such that the 
ind will be linary properties of materials (such as manner of crystal growth, 
the volume nsile properties, segregation of impurities, etch figures, and segre- 


tals showed tl 


that 
ive an exc - is really a special form of the theory of rhythmic precipitation in which the 
' fusion are set by the II-crevices instead of by the concentration of solute. 


uctures of the Widmanstatten type) foilow as corollaries. 
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DISCUSSION 





Written Discussion: By N. A. Ziegler, Westinghouse Research Labo 
st Pittsburgh, Pa 

1 Davey should be complimented tor IS very interesting and 
clear description of crystal formation 

work of studying the magnetic properties of iron and its alloys, 
iding ourselves by Yensen’s working hypothesis which states. that 
ctor effecting magnetic quality 1s distortion of the space lattice, 


(a) impurities, (b) mechanical strains, (¢) strains at the grain 















eperimental evidence collected so tar was im tavor of thi: 


tatement, 


eainst It Professor Davey’'s statements give us another confirmation 
mpts to produce materials with higher and higher magnetic prop 
ucceeded in making and testing samples of unalloyed iron composed 
w large ervstals and analyzing only infinitely small traces of foreign 
Magnetic permeability of some of these samples was very high 
best one had maximum permeability of /"max 220,000, and hys 


Ol Ww et. 


ination of the strains should still further imecrease max. and decrease 





\ccording to Yensen’s theory, further purification 






ing them to approach infinity and zero respectively So far it wa 
it with improvement of the technique these limits may be approached 


losely, but Professor Davey’s statements are somewhat discouraging 







he states, a certain amount of the distortion of the space lattice is an 
roperty of the crystals, and cannot be eliminated by any treatment, 
re must be a practical limit beyond which neither hysteresis nor max 
rmeability can be improved, and perhaps we are not very far from it 


his by no means contradicts Yensen’s theory, only restricting it to 







finite values, which remain to be determined 
statement on page 979 “ ; the insoluble impurities tend to 
re last, 1. e., they tend to collect at the intercrystalline boundaries,” 
only providing that the freezing point of the impurity is lower than 


he melt. If reverse is the case, impurities will freeze first as spheroidal 






les, much less harmful to the crystal growth than the intercrystalline 


| quite agree with Professor Davey that foreign materials are a serious 





for the grain growth and should be reduced to a very low figure in 





turing of metallic single crystals (iron specifically). Even those ele 








ich form solid solution with iron seem to restrict grain erowth: so 


tals of 4 per cent silicon-iron or 50 per cent nickel-iron have not been 


he size to which unalloyed iron has been grown 
Written Discussion: By K. H. Moore, Instructor in Physics, Rens 


er Polytechnic Institute, Troy, N. Y. 


paper is of great interest, throughout, Part I on the formation of 


un f + 
> | 







imperfect crystals being of particular interest in its hypothesis con 
un growth, and the solution and the dispersion ol “impurities” de 
idded to metals. 






' , 
Ll, dealing with the secondary structure, as such, contains much per 


Using calculations similar in form to those of Zwicky, the size 
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ICTIONS OF TH 


mosaic “blocks” or surface patches in 










halides (NaCl) is approximated. Some doubt 


such heteropolar crystal 





S oe es 


has recently be: 


accuracy of Zwicky’s calculations, and indeed, some rather incor 


mental data do not check his approximations 


The value of the spacing of I-plane crevices is approximated 


over 100 A. While observing the diffraction of He atoms by tl 


of LiCl, T. H. Johnson found indications of a d 


iffraction patter: 


be given by a crossed grating of a spacing much greater than th 


evidence, however, was n 


carefully increasing the 


ot resolved from the 


creased, but the pattern was still unresolved. 


pattern given by diffraction fr 


om a grating o 


would be separated from the primary beam. I 


central, indiffracte: 


resolving power of the apparatus, thé 


With the apparatu 
f any spacing les: 


1 this case, it was 


an effective spacing of the underlying phenomenon of very mucl 


the calculated 100 A. 


The p ssibility of 


Some work has been 


one type ot secondary 


more tl 


ck 1 


le al 


lan one secondary structure is 


this Institute, c 


structure, the results o 


mcerned with measu 


f which may be bi 


For some time we have been interested in the possibility of 


precipitation of a dissolved constituent in a metal, with the hope 


tation would occur in such manner as to reveal the orientation an 


the precipitate. The system copper-beryllium was chosen, becaus« 


precipitation hardening. 


The addition of 2.5 per cent Be reduces 


tice constant from 3.619 to 3.564 A, thus giving a high probability 


mation of a secondary 


structure due to the strains set up during th 


in volume taking place in precipitation. 


In addition to the expected favored prec 


technique involving the use of plane polarized light revealed a nety 


central matrices of the crystals. 


cr mmplete . 


such nets, of rectangular arrangement, the spacing was found to 


10° centimeters, using 


be ith 


yredicted range for secondary 


spacing of 1.4 + 0.2 


order of 5 X 10° centimeters in alloys formed by the precipitation 


‘<< 


ro ft 


1 


aiuit 
i 


ipitates at grain bow 


These were of regular orientation 


dimensions. Th 


and in many cases the spacing was measurable. In th 


is spacing falls we 


be 


11 


structure of this character, comparing 


ound by Goetz 


trom zine by Fuller and Rodda. 
Written Discussion: By 


Robert F. Me 


in bismuth, and the 


‘hl, Director Metals 


Laboratory, Carnegie Institute of Technology, Pittsburgh. 


The history of the conception of a mosaic or secondary structur: 


one. 


attempt to explain the observed low strengths of glass fibers. 


the 


resulting in turn in low strength. 


Joffé and his colleagues in Russia and by 


leagues in Germany upon the 


air and under water, 


markedly low strength of sodium chloride crystals in air by the 


led 


some 


It originated in a suggestion made by 


tensile strength 


investigators, 


Griffith some yea! 


The great amount of research | 


of sodium chloride 


especially J ffé, to 


Grifhtl 
existence of small cracks on the surface with resulting stress cot 


Polanyi and Ewald and 





tT) 





the on 
ition of 
tals k 
ure 1s 
‘ATS } 
iffith 

Ss conc 
1 per 
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te cracks, following a reasoning much like that employed by Griffith.’ 
Germany was very active in studying the possible importance of 
cracks, but never postulated the regular mosaic type of structure. 
impetus to the conception of mosaic structures came from the 


work of Zwicky and the experimental work of Goetz, both in Cali 





rently the best experimental evidence for the existence of the mosai 


is that obtained by Goetz, to which Professor Davey refers. This 
























innot, however, be considered proot no matter how interesting and 
it may be. The other, that due to Bitter, Straumantis, etc., is too 

rect to be very convincing. 
he whole subject has recently become very active. Barnes’ has shown 
1 that water actually enters into the sodium chloride crystal, apparently 
ing Polanyi and Ewald that surface cracks have little or nothing to 
vith the low tensile strength in air. Smekal’ afterwards quoted Orowan 
f that Zwicky’s calculations, advanced to show the necessity of a mosaic 
«ture. are incorrect, and denied the validity of all suggested proofs for the 
‘ctence of a mosaic structure. He states, “There is at present no theoretical 
perimental support for the existence of a Zwicky secondary structure in 
salt. As far I can see the same situation holds for every other crystal. 
heautiful results of Goetz with bismuth crystals are consistent with the 
stence of inhomogeneities which are not regularly distributed in the interior 
stals.’ With this statement a very hearty polemic began. Zwicky’ 
lied defending his calculations and his belief in a mosaic structure, to which 
Smekal’ replied with quotations from Zwicky in which the lack of experimental 


nce was admitted and a strict mathematical proof admitted as impossible, 


| attempting to show that Straumanis’ results in zinc and the results of etch 
and evaporation on other crystals could be explained in other ways. \ 
weeks ago Evjen® in California re-examined the mathematics of conditions 
tability, concluding that an ideally perfect crystal could not exist, and that 
nce salt crystals do actually exist, they cannot be perfect, and that the im- 
fection must consist in a Zwicky mosaic or secondary structure, quoting 
residual rays as experimental evidence for their existence. 

he new evidence in favor of the existence for mosaic structure presented 

ere by Professor Davey can hardly be admitted. When Professor Davey 
rst presented this suggestion, during the February meeting this year of the 
\.I.M.E. in New York City, Dr. Charles S. Barrett of the Metals Research 


ory in Pittsburgh offered a criticism which seems to me to be com- 









Griffith, Philosophical Transactions, Vol. 221A, 1921, p. 163-337. 
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Davey’s paper shows a Widmanstatten figure developed in an 


plete, and shall repeat it here with some additions. Fig, 5 
with a few per cent of copper, consisting of the € phase precipit 
solid solution of copper in zinc. This figure was analyzed by Full 
who prepared it, with the conclusion that the € plates (the intersect 
with the polishing plane are visible in the figure) form parallel 
in the hexagonal zinc terminal solid solution. This photomicrog: 
and Rodda’s Fig. 3; the orientation of the plates is given in ¢ 
This latter figure shows that the directions which Professor Day 
are formed by the intersection of the plane of polish with two famili 
plates approaching the surface at different angles. These two fan 
angle of roughly 25 degrees with each other. Evidently then, th 
tween the traces en the surface of polish in Professor Davey’s 
tirely dependent upon the level at which the piece had been cut 
different level would give a different inter-trace distance. It 
these distances and the unit distance determined can have no me 
The use of Widmanstatten figures as a method of attack is 
first consideration, but less so on further thought. These figures ar¢ 
they vary in position and in angular disposition, so that frequency 
usually be employed in studying the directions of the traces, and 


of determining periods of spacing of the order of the postulated mosa 


is not great. But more important than this, we find that Widmanstatt 


select different crystallographic planes for formation in lattices 
type, and indeed from solid solutions in the same metal lattice; tl 


\ 


Fe,N precipitating from ferrite selects the +210} plane whereas th 


Fe:P selects an entirely different plane. To defend measurements 
disposition in such figures we should have to assume a widely varyi 
of the 7-plane, as determined by the type of element in solid solution 


more we find that ferrite and cementite, preciptating from austeni 


entirely different planes,'” 


ing carbon concentration affects the choice of the 7-plane, or that the natur 


the precipitate about to form determines the 7-plane. These seem 


sumptions. Actually we find that the plane selected is determined by 


choice between the lattice of the parent solid solution and that of the 


In view of all this it may well be questioned whether the evidence 
existence of mosaic structures is firmly established. It strikes m« 
necessary thing in this work is the happy conclusive experiment, one 


the charge of indirectness to which all present reasons seem open 
prejudice against the idea of a mosaic structure, but I feel strongly 
experimental evidence is very much needed if mosaic structures aré¢ 
into the theory of metals. Much that Professor Davey has said 


gaging paper may be taken as excellent evidence for the existence ol 


tions in crystals, but not, I think, as unequivocal evidence for the exis 


mosaic structure. I suspect that he has assembled it in an endeavor 















°*M. L. Fuller and J. L. Redda, Transactions, American Institute of Min 
lurgical Engineers, Institute of Metals Division, Vol. 104, 1933, p. 116-13! 


oR. F. Mehl, C. S. Barrett, and F. N. Rhines, Transactions, Americat 
Mining and Metallurgical Engineers, Iron and Steel Division, Vol. 105, 19 
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and in this case we would have to assume tha 
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however divergent from his own views, and | am happy to make 


110N1. 

















ta Author’s Closure 
lhe 
ct that on page 15 of the preprint I tailed to express the idea 
l id in mind. I wish to thank Dr. Ziegler for calling my attention 
° have made the changes in the final text necessary to express what 
t ind. LI am not in agreement with the second sentence in his last 
\ since | believe he has made too general a statement. \s_ stated 
se, dv of the article, I believe that the impurities will come out as 
an ' particles only when the surface conditions are favorable for such 
the | am greatly pleased with the information given in the last sentence 
s | egler’s discussion. There is good reason to believe that a solid solu- 
and \ in B is really a solid solution of a compound between A and B. This 
s at there should be a tendency for the compound to form very minute 
nea (smaller than can be seen under the microscope). Crystals of this 
is at hould collect at the grain boundaries and in the Il-crevices and should 
are | with the growth of crystals of the solvent metal. The mechanism 
Cy this is given in the body of the article. 
ind p Dr. Mehl brings up the debate between Zwicky and Goetz on the one 
nosaic structur nd Smekal on the other hand. This debate seems to center over whether 










lanstatten pl 


the Il-crevices are uniformly spaced in a crystal. As I have brought 


es of the s in the final text of the body of the article, the result of this debate is not 

the con tal to the picture of the mechanism of crystal growth. The wording of the 
s the comp le has been chosen in terms of a uniform spacing of Il-crevices since this 
ents on sp is a somewhat more elegant picture. The changes in wording required 


varying cl a hit-and-miss spacing are obvious. 


ution. Furth lhe new evidence for Il-planes given in Fig. 5 is, of course, open to many 


austenite sel ssible interpretations. (Any single scientific fact should admit of an infinite num 


ume that chang interpretations.) From the point of view of H-crevices, each crystal 





at the natur: 





nd in a segregate structure derives its material from a volume bounded 





em unlikely as adjacent II-crevices. The orientation of the island will be determined, as 
Dr. Mehl has shown, by a matching of interatomic spacings, but the frequency 





1ed by a un 








' the precipitat e islands should be determined by the spacings of the Il-crevices. The 


evidence for t mental fact of the regularity in spacings of these islands of segregated 


terial lends considerable color to the picture of a uniform spacing of 






VICeSs 


t, one tree 
yen. I have paper I made no claim to consideration of the exact spacing of the 


hat hetter ae colll ° - =- o ° ° s ‘ 
ngly that bett statten lines, because of the effects of the orientation of the plane ot 





; are to be bu ot the mutual orientations of the planes of the solvent crystal in 






said in this et he segregate structures are found. All I tried to call attention to was 











nce Of imperte regularity of the spacing, and (2) the order of magnitude of the 


e existenct On these two counts alone is Fig. 5 to be considered as offering 


or to stimulat ry evidence of the II-crevice picture as outlined in the body of the 
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ALLOYS OF IRON AND MANGANESE—PAR 


Transformations and Heterogeneity in the 
Binary Alloys of Iron and Manganese 







By Francis M. WALTERS, JR. 


Abstract 


his paper presents an experimental demons 
of the heterogeneity which may arise in the solid 
when an alloy 1s heated into a two-phase region. 

The tron-manganese alloys are particularly ad 
to such a demonstration because the gamma phas. 
forms on cooling to alpha or to epsilon, dependi 
the composition. The formation of the alpha phas 
sults in an expansion and the formation of epsilon ii 
contraction, hence these transformations may be 1 
fied dilatometrically. 

While holding in the alpha-gamma region results in 
pronounced heterogeneity, homogeneity ts restored by] 
ing to 1000 degrees Cent. (1830 degrees Fahr.). 






















T is generally recognized that considerable differences in compos 
I tion in solid solutions are associated with the heterogeneous fiel 
solid plus liquid. Evidence for these differences is found | 
coring which results from cooling through the solidification rang 
That similar differences in composition may arise in the solid stat 
in passing through a two-phase region, is less frequently consider 
The binary alloys of iron and manganese may be made to exhil 
striking differences in composition in the solid state by holding ther 
within the alpha to gamma transformation range. 

These alloys are particularly suited for such a demonstratiot 
cause of the following characteristics. The epsilon phase, which 


curs as a low temperature transformation product of gamma, has 
composition range of 10 to 30 per cent manganese. (Fig. 2.) 1! 


} 


decomposition of the gamma phase to epsilon is accompanied 
decrease in volume. This permits its identification dilatometrica 





\ series of papers presented before the Fifteenth Annual Convent 
society, Detroit, October 2 to 6, 1933. The author, Francis M. Waltet 
member of the society, is associated with the Metals Research Laboratory, ' 
negie Institute of Technology, Pittsburgh. Manuscript received June 2! 
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decomposition of gamma to alpha is associated with an ex 
Manganese does not diffuse readily, so that when composi 
dients are established, they tend to persist. The marked 
is of the alpha-gamma transformation also helps demonstrate 
es in composition, since a small difference in composition 
ce effect on the temperature of the gamma to alpha trans 
tion. 


\When an alloy of average composition A Fig. 1 is heated to a 


oO, 
ture T, just within the alpha plus gamma region, the gamma 
will have a composition B. 


[hus when an iron-manganese alloy containing 7 per cent man 


$ In composi- 
yeneous field , 
Seiad vanese 1s held at 600 degrees Cent. (1110 degrees Fahr.), the gamma 


eee ea formed will contain about 16 per cent manganese. Gamma of this 
—€C aliy’ 


as hl ates ymposition transforms on cooling to room temperature, not to alpha, 
Oll( Stdlt 7 ‘ 

fo a 2 tO epsilon, so that a contraction on cooling the / per cent alloy 
) considered : : . “a 
le to exhibit alter holding at 600 degrees Cent. shows that this temperature lies 


solMine the i the two-phase region. 


Ba. MerEtTHOD OF INVESTIGATION 
nstration | 


e, which o Of the various methods used to study allotropic transformations, 


amma, has the dilatometric method is, in general, most easily interpreted, par- 
iw. 2.) TI 


ticularly when X-ray measurements of the phases involved are avail- 
panied by a able. For example, in Fig. 4 (for the 10 per cent alloy) the dis- 
atometricall continuity in expansion between 300 and 370 degrees Cent. (570-700 

| degrees Fahr.) (heating curve, A) is due to the transformation of 
et ty a small amount of epsilon to gamma. The large contraction begin 


boratory, | ning at 600 degrees Cent. (1110 degrees Fahr.) and practically com- 
une £1 


at 650 degrees Cent. (1200 degrees Fahr.) is the alpha to 
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vamma transformation. These conclusions follow  f; 






measurements which show that of the three phases invol 
has a larger atomic volume than gamma, and epsilon a sn 
cooling, the gamma phase begins to change to alpha at 2 


Cent., and the fraction of alpha formed when the alloy ha 
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‘ig The Boundary { 
the [Two-Phase Regions Were De 
ived from Dilatometric Observations 


vith Homogenized Specimens 


Lines of 















a particular temperature may be deduced from the dilatometri 
servations. A correction must be applied to make allowanc 
lifference in expansion of the two phases. For example, about 65 
per cent of the sample of curve A of Fig. 4 is involved in thi 
gamma transformation and 5 to 10 per cent in the epsilon trans 
formation. X-ray examination shows that a residue of gamma 
remained untransformed. 

The preparation of the alloys studied has been described els 
where.’ The 4.4 per cent manganese alloy contained 0.02 per cent 
carbon; the 7.2 and 10.4, 0.015 per cent carbon; and the 13.1, 0.03 
per cent carbon. To reduce the heterogeneity of the forged alloys, 
the specimens investigated were held at 1325 degrees Cent. (2+- 
degrees Fahr.) for eight hours and quenched from 900 degrees ‘ 


(1650 degrees Fahr.). The soaking was carried out in pu 












lFrancis 


M. Walters, Jr., “‘Alloys of Iron, Manganese and Carbon. Part | 


tion of Alloys,’’ Transactions, American Society for Steel Treating. Vol. 19, 
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atmospheric pressure to lessen the sublimation of man 
] 
! this treatment was successful in at least reducing the 
a eitv of the alloys “as forged” is shown by the narrowing 
la mperature ranges of the transformations. lor example, 
—{— 
| 
| 
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nce for the 
e. about 65 
1 the alpl 
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niet ole epsilon to gamma range decreased from 100 degrees Cent. for the 
6.0 per cent alloy ‘as forged” to 10 degrees Cent. after the homog 
izing treatment. 


lhe dilatometer used has been described.2. The observations 





‘ent. (242 ere made at a pressure of 3 millimeters or less. Unless otherwise 
crees C stated the heating rate was about 25 degrees Cent. a minute. The 
in D rate was not uniform near room temperature, but the cooling 
M. Walters, Tr.. and M. Gensamer, ‘Alloys of Tron, Manganese and Carbon 

\ Dilatometric Study of Iron-Manganese Binary Alloys,” Transactions, Ameri 


Steel Treating, Vol. 19, 1932, p. 608 
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program was repeated from run to run. The specime: 
an inch in diameter and one inch long. The change in 
observed with a dial gage, which was read to 0.00001 inch 


tions were made at intervals of 14 degrees Cent. or less. 











—-1% Flongstion 




















O 200 400 600 800 1000 
Tempersture,C. 


Fig. 4 


EXPERIMENTAL RESULTS 


When a homogenized specimen of the 4.4 per cent manganes 
alloy is heated through the two-phase region, the alpha to gami 
transformation is practically completed within narrow temperatu! 
limits (Fig. 7, curve 1). If the sample is heated only a little abo\ 


the transformation temperature and cooled without giving an 0| 


tunity for diffusion, a second heating at the same rate as the firs' 
gives evidence of the setting up of differences in compositio! 


at such high rates of heating. (Fig. 7, curve 3). 








it manganes 
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a little abo 
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ese composition gradients can be made more pronounced if 
ple is held in the heterogeneous field. On cooling from 722 
; Cent. (1330 degrees Fahr.) the gamma which had been 
| on holding for half an hour at this temperature was so high 


nganese that its transformation temperature was lowered to 





10.4% Mn 
sande 














Flongation—— 





-— 71% 








































200 400 6500 800 1000 
Temperature, °C. 
Fig. 5 






370 degrees Cent. (700 degrees Fahr.), a temperature at which the 
transformation is nearly complete in a homogeneous specimen. Hold- 
ing at 672 degrees Cent. (1240 degrees Fahr.) lowers the beginning 
of the alpha formation on cooling almost to room temperature. 

lf that part of the specimen which has transformed to gamma 
has become higher in manganese than the average composition of the 
alloy, then the rest of the alloy must have become lower in man- 
ganese. This is found to be the case, for on reheating (curve 19) 
the transformation temperature is raised. The “dispersion of com- 
position” shown by the cooling curve 20 is marked, but heating the 
imen to 980 degrees Cent. (1795 degrees Fahr.) (curve 21) and 
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holding at this temperature half an hour restores its hi 
(curves 22 and 23). 
On holding the 7.2 per cent manganese alloy at variou 
tures in the heterogeneous range, the specimen showed an i; 
decrease in length which might be due to the formation of 
the soaking temperature (Fig. 6). However, on cooling 
degrees Cent. (1200 degrees Fahr.) a contraction was obsery 





7.2% Mi 
aa + 
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Jempereture, °C. 
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room temperature which was sufficient to indicate definitely th 
formation of epsilon. The amount of epsilon formed was increas< 
by holding the sample at a lower temperature, 611 degrees Cent 
(1130 degrees Fahr.). The appearance of epsilon is taken to 11 
dicate that the part of the alloy concerned in the transformation was 
high in manganese. When the specimen in this condition was cai 







ried through the complete alpha to gamma transformation, the trai 
formation temperature of the remaining alpha was raised. [hus 
shows that the untransformed part of the alloy had become lower 1 
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ese. From the shape of the subsequent cooling curve (22) 


n that the homogeneity of the alloy had been seriously dis 
e curves of Fig. 4 show the “composition gradients” which 
in the 10.4 per cent manganese alloy even when fairly rapid 
rates are used. The alpha to gamma transformation was 


a 





alii 





% Elongetion 
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Fig. 7 


much less sharp (curve A) after the homogeneous specimen had been 
heated through the transformation to 735 degrees Cent. (1355 de- 
grees Fahr.) and cooled immediately. The effect is more pronounced 
with a heating rate as fast as 6.6 degrees Cent. a minute (curve C). 

(he amount of epsilon formed in the 10 per cent alloy at ordi- 
nary heating and cooling rates is small, as can be seen in curves 5 
and 6, Fig. 5. Some gamma is retained in this alloy and part of 


th 


the increase in length in curve 5 is probably due to the formation of 
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alpha from this gamma. When this alloy is taken to su 
higher temperatures up to 610 degrees Cent. (1130 degre 
held for half an hour and cooled, increasing amounts of e 
formed. At each higher temperature more gamma is forn 
is high enough in manganese to go to epsilon on cooling. 

when the alloy is heated to 635 degrees Cent. (1175 degre: 





























200 400 500 800 
Tempersture, °C. 


Fig. 8 


and held, the gamma formed is low enough in manganese so that 
cooling the transformation to alpha starts at 140 degrees Cent 
When homogeneous, the 13.1 per cent manganese alloy, unde 
certain conditions, transforms principally to alpha. The specime 
after homogenizing was cooled to 900 degrees Cent. (1650 degrees 
Fahr.) and quenched. When heated in the dilatometer, the magn 
tude of the alpha to gamma transformation indicates that there was 


+ 


a large amount of alpha present at room temperature following th 


quench (curve E, Fig. 3). When the alloy was heated to only 6/' 


degrees Cent. (1240 degrees Fahr.) and cooled without loss oi time, 








so that o 
Cent 
lloy, under 


> specimer 
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a decomposed principally to epsilon. The amount of alpha 


; shown by the heating curve D which is displaced from F 





e specimen is held at 1000 degrees Cent. (1830 degrees 





he decomposition is again mostly to alpha (curve 3). The 


I 





of the gamma decomposition thus depends upon the pre 





istory of the specimen. Curve B followed a slow heating 





ch was carried only to 670 degrees Cent. (1240 degrees Fahr. ) 





‘ie A shows that heating to 900 degrees Cent. (1650 degrees 





hr.) was almost as effective as heating to 1000 degrees Cent. (1830 





orees Fahr. ag 
None of the alloys studied except the 13.1 per cent showed a 





finite raising of the temperature of the start of the gamma to alpha 






nsformation after having been soaked at 1000 degrees Cent. (1830 


L 





rees Fahr.). When the alloy is homogeneous the beginning of 


a 


is transformation should be at a lower temperature than when some 






persion of composition exists. This is the case in the 4.4 and a 





cent alloys as 1s shown by a comparison of the cooling curves 





m 1000 degrees Cent. (1830 degrees Fahr.) and from just above 






he alpha to gamma transformation.* 





(o observe the effect of holding the 13.1 per cent alloy in the 






heterogeneous range the maximum amount of alpha was formed in 






he specimen by soaking at 1000 degrees Cent. (1830 degrees Fahr.). 





\fter holding at 500 degrees Cent. (930 degrees Fahr.) it was found 





it the amount of epsilon formed on cooling had not increased 





curve A, Fig. 8). However, on heating through the alpha to gam 





transformation it was found that the alpha to gamma transforma 





was smaller than when the alloy had not been soaked, hence 





some gamma had been formed at 600 degrees Cent. (1110 degrees 





Fahr.). Reference to the transformational diagram (Fig. 2) shows 





that the gamma formed at this temperature would be too high in 






anganese to transform on cooling. 











DISCUSSION OF RESULTS 












When the homogeneous alloys are heated through the alpha- 





gamma range rapidly enough so that the dispersion of composition 





is not much increased, the transformation takes place within a fairly 





v temperature range. When sufficient time is allowed, dif- 





ences In composition arise such that the transformation begins 















Wells has suggested that it is probable that in the 13 per cent alloy the d 
factor is the perfection of the grains developed by the high temperature. 
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at a much lower temperature. In Fig. 2 the boundary 

alpha plus gamma region were derived from the dilatomet 
tions at a rapid rate of heating of homogenized specin 
points below the curves indicate, not the lowest temp 
which the alloys enter the heterogeneous field, but temp 


which composition differences become. sufficiently pron 
demonstration. 








Fig. 9—-The Dots Represent Ire1 
Atoms, the Crosses Manganese Atoms i1 
a 7 Per Cent Grain with a Random 
Distribution Ten Per Cent of the 
Atoms Within the Closed Line are 
Manganese 

















Just what should be taken as the alpha to gamma transfor 
range for an iron-manganese alloy of a given composition: 
narrow range for the homogenized alloy is unsuitable becaus 
the heating is fast enough to prevent the development of composi 
tion gradients it is not slow enough to complete the transformatio 
at a given temperature. On the other hand, if the ideal of the trans 
formation of a homogeneous specimen is abandoned, what limit 1s 1 
be set on the procedure adopted to bring about composition grad 
ents? Repeated heating to a particular temperature and holding 
a short time produces a greater separation in composition, than hol 

ing for a longer time. The amount of epsilon formed in the 7.2 pet 
cent alloy could not be obtained by heating to 611 degrees Cent 








(1132 degrees Fahr.) and holding for a few hours, but was devel 
oped by first heating to higher temperature and then reheating 
611 degrees Cent. 

It has been pointed out that manganese diffuses slowly 
except at temperatures near the solidus and even at those tempera 
tures several hours are required to bring about an approximatel 
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distribution. Differences in composition may develop on 
the transformation range, even if the migration of the 
negligible. Consider a specimen of which every grain con 

n per cent manganese, but in which the distribution of man- 
‘toms within the grains is not uniform.* (Fig. 9). There 
points in a given 7 per cent grain where there is a sufficient 
ntration of manganese atoms to raise the composition at those 
o 10 per cent. When a temperature of 620 degrees Cent. 


1150 degrees Fahr.) is reached (the transformation temperature 


) per cent manganese) the transformation to gamma will form 


submicroscopic grains. On cooling, these minute high man 


nese grains retain their identity, unless heated to a temperature 


oh enough for recrystallization. 


While it is quite probable that homogenizing results in a ran- 


distribution of manganese atoms at the lattice points, even a 


lar distribution would be destroyed by the gamma to alpha trans 


‘mation. 


SUMMARY 


Dilatometric- observations on the binary iron-manganese alloys 


vealed that large differences in composition may be produced in 


solid state by holding these alloys in the alpha to gamma trans 


‘mation range. An example is afforded of the usefulness of the 
latometer in the investigation of the transformational character- 


tics ot alloys. 


DISCUSSION 





R. S. ArcHER: The relative absence or tardiness of oral discussion is 
cely surprising in spite of the importance of the subject. The same thing 
‘ed in the presentation of the splendid series of papers on equilibrium 

ns in the various aluminum alloy systems by Mr. Dix and his associates, 


reason is simply that there are very few able to say much about it. Per- 


1 


ps only those who have done very careful work of a similar kind and usually 


st the same field, could comment on the theoretical part of the work. 
think it is obvious to all of us that this work has been carefully done, and 
i distinctly higher order than the constitutional work that was done not 
Cars ago. 

remark that one of the authors made to the effect that the production 


rogeneity in the solid state seems unusual, calls to mind a more common 


Mehl and C. S. Barrett, ‘“‘Studies Upon the Widmanstatten Structure 1 
The Aluminum-Silver System and the Copper-Silicon System,’ Trans 
\merican Institute of Mining and Metallurgical Engineers, Institute of Metals 


93, 1931, p. 78. 
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occurrence of the same kind, essentially; that is, the precipitati 






compounds from solid solution, such as occurs quite regularly i 
alle VS. 


If we quench an aluminum-copper alloy containing 4 per cer 





from about 520 degrees Cent. we obtain a solid solution, and if 





alloy at 200 degrees Cent. for a period of time, heterogeneity resi 
















pound is precipitated and there is a change of volume and a chang 
although the precipitated phase is a compound rather than a soli 
From the practical standpoint, I wonder if either of the aut! 
any of the phenomena observed in their work to the reported 
irregularity and occasional brittleness in the commercial steels « 
from 1 to 2 per cent of manganese? 
C. S. Moopy: I would just like to inquire of the authors if t 
data on some of the physical properties of these alloys, particularly 
carbon content. Did I understand Mr. Archer to ask for examples of 
R. S. ArcHer: Cases have been reported, particularly in norn 
and I wonder if these various delayed transformations and heteroge: 
tures—localized martensite, perhaps, could account for any of thos 
Mr. Moody did you have any cases in mind when you asked that quest 
C. S. Moopy: I did have something in mind but I do not know 
it applies to the subject here today. My particular case is that of ter 
ness in the 1.75 per cent manganese steel. It is quite pronounced, I fir 
sections. The pieces treated were cut from a normalized piece of 4 


rolled bar 5 inches long. As treated the section had been cut to a cross 





tion which was a right triangle with the hypotenuse the arc from the sur! 





















of the bar. The length was still five inches, and the weight of each was 
five pounds. The analysis was: 


NR sg Oa 2 ra aiialta tae ‘ «oe esGo? Per Cent 
Manganese és ek eo 
Silicon .. 0.23 


ese rseees8 Fu tats Sian 
Sulphur 


0.019 


0.029 


One piece was oil-quenched from 1550 degrees Fahr. in oil, giving 
444, drawn at 1250 degrees Fahr., and slowly cooled; Brinell 217. A 


reading on the Charpy bar when cut from the piece was Brinell 187 





\ second piece was quenched and drawn with the above but quet 
brine from the draw. The Brinells were the same also except on the Cl 
bar which was Brinell 196. 

The other physical tests were as follows: 


Cooled from Draw 
Fast Slow] 
"RORGIIG TSRUOTIER ko ccdccccicersceoos 105,950 101,906 
EE Me wg a greeny ib aes 75,500 73,700 
Elongation Per Cent oy a , 
Reduction of Area Per Cent 
Charpy Impact Ft.-Lbs. 









The micrographs had fine carbide particles in a ferrite ground n 
samples and showed very little difference in structure up to X 2000 
bides when etched with picral as with nital always showed rougher 


cooled specimen. 


eel 
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4 1450 degree Vahr. quench and tound little ditference Ditterent 
oling from the draw gave expected variations in the impact tests 


fonda’s little article in Metat Procress in which he discussed the 


oing into solution below the critical range was very interesting as 























C¢ 

i this subject. 

alt 

> Author’s Closure—By M. Gensamer 

1d 

nor ave not studied the mechanical properties of our alloys because of the 

Lo ‘ations of time and material. 

( With reference to the brittleness problem brought up by Mr. Archer, we can 

Il attention to the ease with which martensite forms in these alloys; that 

tl t is very easy to exceed the critical cooling rate in steels containing nearly 
rly 0 or cent of manganese. In view of this, it is not surprising that cases of brit 

5 ess low manganese steels have been reported, and that the reputation of 

rmalize ese steels has suffered through the lack of appreciation of the fact that they are 

oveneous ctr y reacting alloys. 

hose Mr. Moody’s problem is one that cannot be solved without experiment. W< 
quest two suggestions. Rapid cooling (brine quenching) of a 5-pound piece 
ow hi ‘ith a sharp corner may result in severe residual stress concentrations, due 
tem] ntirely to the steep temperature gradients which must arise in cooling. Sec 
I find ndlv, 1250 degrees Fahr. is a dangerously high drawing temperature for Mr. 
ce of 4 \foody’s steel: he may very well have exceeded the A.:-lower transformation 
to a $s mperature, getting into the three-phase field containing austenite as well as 
om the su rrite and carbide. In this case he would certainly have found some marten 


te on quenching in brine, resulting in residual stress concentrations certain to 


ver the impact resistance of the steel. 


on. the C] 


2000 he « 
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Thermomagnetic Analysis of the Bimary Alloys of 
Manganese 








By F. M. Watters, JR., AND JOHN F. Ecker 
















Abstract 


The variation of magnetism with temperatu 





observed with a ballistic galvanometer. The eff 
manganese on ferrite ts to decrease its magnetism 1 
ately. Alloys containing 16 per cent manganese and 


are practically nonmagnetic, because the two phases 
which they are composed, gamma and epsilon, ar 
magnetic. 

Evidence, hitherto lacking, was found for an e} 
alpha transformation. 


INTRODUCTION 


(©) discussion of a ferrous system of alloys is complet 
some discussion of their magnetic properties as a fu 


temperature; this paper gives the results of a thermomagnetic stu 














of the binary alloys of iron and manganese.’ The alloys us 
prepared from vacuum-melted electrolytic iron and manganes 
hed by distillation, and were melted in chemically pure magnesiu 
oxide crucibles in an atmosphere of purified argon. 


EXPERIMENTAL PROCEDURE 


The specimens used for study were turned down from 
rods % an inch in diameter to 34 of an inch in diameter and 
6 inches long. 

The furnace heating element of nichrome wire was wou! 
inductively around a quartz tube. The magnetizing coil consis! 
of 1869 turns of copper wire wound on a water-cooled brass 1 
18 inches long and 314 inches in diameter. A search coil of 30 t 

















lAlloys of Iron, Manganese and Carbon, Parts I-IV, Transactions, At 
for Steel Treating, Vol. 19, 1932, p. 577. 





F. M. Walters, Jr., is associated with the Metals Research Labor 
Carnegie Institute of Technology, Pittsburgh, and John F. Eckel is metallurgis 
with the Gulf Refining Co., Coraopolis, Pa. Manuscript received Jun 










1016 










plete wit 


trom 


ter and wet 


wound not 
lies ae Sh, 
‘oil consist 
d brass tube 


| ot 30 turns 


*h | al orato! 
is metallurgist 
June 21, 193 






























ALLOYS OF IRON AND MANGANESI! 1017 





ind on the outside of the magnetizing coil and at its center. 
compensating coil was wound with the proper number of 
vive no galvanometer throw when no sample was inside the 
ing coil. 
vestigation of the distribution of the magnetic held strength 
he axis of the coil showed the field to be uniform over the 
6-inch length where the specimen was placed. An impressed 
netizing force of about 100 gilberts per centimeter was main 
however due to the demagnetizing effect of the short and thick 
le used, the effective field strength was considerably less for the 
and the high permeability alloys. 
The current in the magnetizing coil was kept constant and 
bservations were made of the throw of the ballistic galvanometer 
,luced upon reversal of the current. The period of the galvan- 
meter was 25 seconds; with electrolytic iron the reversal of the 
urrent resulted in a throw of 23 centimeters on a circular scale 50 
centimeters from the galvanometer. The samples were heated and 
ooled at a rate of about 7 degrees Cent. a minute. Observations were 
ide at intervals of about 13 degrees Cent. A nichrome-constantan 
thermocouple was used with the bead imbedded in a saw-cut in the 
end of the specimen. 


RESULTS 











The investigation was limited to (a) the manner in which 
thermomagnetic analysis revealed phase changes in the alloys studied 
nd (b) the effect of heating into the alpha plus gamma field. No 
ttempt was made to evaluate definite magnetic constants; these have 
been determined by Gumlich® for commercial alloys. 

in the diagrams, the magnetic flux (observed as galvanometer 
leflection) is plotted against temperature. It must be remembered 
i connection with these diagrams that while the impressed magnetiz- 
ng force was the same at all times, the effective magnetizing force, 
wing to the shape of the specimen, was a function of the magnetiza- 
tion of the specimen. The magnetic flux observed for iron was much 


less than if the specimen had been a ring or a rod very long in 









comparison to its diameter. 
it may be seen from Fig. 1 that as the alloys increase in man- 
ganese, the magnetic flux becomes less and less until, with the 


mlich, “Uber die Abhangigkeit der magnetischen Eigenschaften des spezifische1 
und der Dichte der Ejisenlegierungen von der chemischen Zusammensetzung 


rmischen Behandlung,” Elektrotechnische Zeitschrift, Vol. 40, 1919. p 6] 
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apparatus used, no ferromagnetism was detectable wit 
in the 16 per cent alloys. Thermal hysteresis is pronou 
alloys containing from 4 to 13 per cent manganese. Thy 
nonmagnetic above the Curie point for iron; that they a 
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Jempersture , °C. 


Fig. 1—Magnetic Flux-Temperature Curves for an Impressed Magnetiz 
100 Gilberts Per Centimeter. 





netic also when in the gamma state, is shown by a comparisot 















magnetic flux curves with dilatometric observations.* The 4.4, ; 
and 10.4 per cent manganese alloys show a higher magnetic 
above room temperature than at room temperature. This 
nomenon is observed in other ferrous alloys for certain magnetizi 
torces.* If the specimen is not heated to too high a temperature 
flux-temperature curve is reversible. 

The decided drop in magnetic flux shown by the 10 and 13 | 
cent alloys is due not only to the fact that some gamma (whic 


that 


Is nonmagnetic) is retained at room temperature but also 
alloys of this composition part of the gamma phase transforms 0! 


cooling to the epsilon phase. The epsilon phase is formed 





gamma on cooling at about 100 degrees Cent. and transiorms 











ondon 








Ewing, ‘‘Magnetic Induction in Iron and Other Metals.”’ 
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on heating at about 300 degrees Cent. Since the 13 and 16 
+ alloys do not change magnetically at these temperatures, tt 
ided that the epsilon phase is not ferromagnetic. 
has been demonstrated dilatometrically that holding the binary 

anganese alloys in the alpha plus gamma heterogeneous field 


ices marked composition gradients. This effect is most pro 



































O 200 
Tempereture, °C. 


4OO 


Effect of Heat Treatment on 10.4 Per Cent Manganese Alloy (a) Cooled 
1000 Degrees Cent., and Held at Temperatures Which Caused an Increase in 
Flux, (b) Held at Temperatures Causing a Decrease in Magnetic Fluy 








nounced in the case of the 10 per cent alloy. Fig. 2a shows the 


magnetic flux as this alloy was cooled from 1000 degrees Cent. Atter 
heating to 430 degrees Cent. and cooling to room temperature, the 
magnetic flux has definitely increased. Holding at 460 degrees Cent. 
for half an hour slightly increased the flux. However, when the 
sample was heated to a slightly higher temperature (lig. 2b) and 
held for half an hour a decrease was observed. With each increase 
in the temperature at which the sample was held, the magnetic flux 
was found to decrease. (The sample was held twice at 560 degrees 
Cent. for half an hour.) The decrease in magnetic flux at tempera 
tures above 460 degrees Cent. is caused by the formation of gamma 


these temperatures: this gamma is so high in manganese that it 


not transform to alpha on being brought to room temperature. 
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An interesting feature of these curves for the 10 per 
is the loss of magnetism between 100 degrees Cent. and 
perature on cooling and the increase between 200 and 
Cent. on heating. These temperature ranges correspon 
for the formation and disappearance of the epsilon 
results shown in Fig. 1 indicate that both gamma and \ 
nonmagnetic. Hence it may be concluded that the chang 


netic flux between 100 and 25 degrees Cent. on cooling a1 


200 and 300 degrees Cent. on heating indicate respectively 


formation of some alpha to epsilon (a decrease in flux) 
transformation of epsilon to alpha (an increase in flux). 
consistent with a peritectoid reaction’? by which epsilon 


from alpha and gamma. 


Suggested by R. F. Mehl at the Fourth Open Meeting of the Metallurs 
Board, Pittsburgh, October 17, 1930. 
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ation of Electrical Resistance with Temperature in Binary 
Alloys of Iron and Manganese 




























By F. M. WALTERs, JR., AND Cyrit WELLS 


y lbstract 





The electrical resistance of binary alloys of tron and 
mganese containing between O and 29 per cent man 
mese was measured from 25 to 1000 degrees Cent. 

It was found that manganese greatly increases the 
esistance and decreases the temperature coefficient of 
ipha iron. Manganese was found to have very little 
fect on the resistance of gamma iron, which at 1000 
legrees Cent. is almost independent of the manganese 
content. 


INTRODUCTION 


HIS work is a part of a comprehensive investigation of the 
tr of iron, manganese and carbon of high purity.". The 
lloys used were prepared from vacuum-melted electrolytic 1ron and 
manganese purified by distillation. They were melted under puri- 
fied argon in chemically pure magnesium oxide crucibles. None 
of the alloys contained more than 0.03 per cent carbon and the other 
mpurities were present in such small amounts they could not be 


estimated by the ordinary standard chemical methods. 


Metuop or MEASUREMENT 





The resistance was measured by the fall of potential along round 
specimen rods three-eighths of an inch in diameter. The current 
used was about 2 amperes and was measured by an ammeter which 
was read to one part in five hundred. The potential difference was 
observed with a Leeds and Northrup type K3 potentiometer. Tem- 
peratures were observed with a nichrome-constantan couple, the 
junction of which was inserted in a saw-cut in the specimen. The 


potential lead-wires were iron of the purity used for thermocouples ; 





of Iron, Manganese and Carbon, Parts I-IV, Transactions, American Society 
Treating, Vol. 19, 1932, p. 577. 


« 


{- 
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J. 


authors are associated with the Metals Research Laboratory, 


Ca 
nstitute of Technology, Pittsburgh. Manuscript received June 21, 193 
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these were pounded into saw-cuts about 5 inches apart. 
vations were made with the specimens in vacuo, or when 
vations required several days, in purified helium at a 
pressure. 

Because of the large diameter and short length of the 
the fall of potential was small (0.4 to 5.0 mv.) even with ; 
of 2 amperes. ‘The relatively large diameters (0.2 inch) oj 

































rent leads, made it impossible to keep the ends of the san 
same temperature, and thermal e.m.ts. were developed which 
amounted to 10 per cent of the voltage measured. Acco 
was necessary to reverse the current at each temperatur: 
observations were made. 

Heating and cooling rates of about 6 degrees Cent. 
were used and observations were made at intervals of 
degrees Cent. There was a constant difference of about 2 
Cent. between the temperatures at which the observations w 
on reversing the current. 

While the current was read to about one part in five hundr 
and the voltage to one part in several thousand, the individual obse: 
vations were not so good as would be expected from this. Possi! 
sources of error were variable contact resistance and ammeter b 
ings. Without special precautions in the preparation of samp! 
measurements of specific resistance have little significance 
agreement among the various alloys here studied is better than mi 
reasonably be expected. The value of 10.1 microhm centimet 
obtained for the specific resistance of vacuum-melted electrolyt 
iron is in agreement with that of other investigators. Yensen, 
example, obtained values from 9.91 to 10.25 for different samp! 
of rather pure iron. 


To measure the resistance more precisely, samples 


smaller cross section would be required. This would invol\ 
ereater care in the prevention of change in composition at hig 
temperature as well as a more or less detailed study of the methods 
of producing wires from a series of alloys of widely varying mechai 
ical characteristics. 


RESULTS 





The results of the measurements on heating are presented graj 








r. D. Yensen, ‘““The Magnetic Properties of the Ternary Alloys of Fe-51-( 
actions, American Institute Electrical Engineers, Vol. 43, 1924, p. 169. 
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In Fig. 1 the specific resistance in microhm 


is plotted against the temperature, while in Fig. 2 the 


ces at various temperatures are plotted against the manganese 


sition 


1 


alloy is in the alpha state (ferrite). 


coefficient of 


impurities, 


The data shown in Figs. | and 


nr - 
> SH oto 
GEST) f 


Specitic Resistance, icrohm 





200 400 &00 
Temperature ,°C. 


800 


) 


Fig. 1-—Resistance-Temperature Curves tot 
Iron-Manganese Alloys. For these Observations 
the Alloys had been Furnace-Cooled trom 1000 


Degrees Cent. 


increases the resistance of iron about 45 per cent. 





example: W. F. Barrett, “On the Increase of Electrical 
Iron with Various Elements,’ Proceedings, Royal Society 
480-85. 

ujiro Matsushita, “On the Influence of Manganese on the 
Steels,”’ Science Reports, Tohoku Imperial University, Series 


Physical 


Resistivity 


which followed a furnace cool from 1000 degrees Cent. 


resistance decreases with increasing manganese. 








(london), Vol 


Vol. 


8 


Manganese has a pronounced effect on the resistance when the 


2 are from heating 







One per cent of manganese 


The temperature 


The 


Cause d 


increase in the specific resistance of iron caused by the addition of 
| to 10 per cent manganese was found to be less than that reported 


by other investigators* whose alloys contained larger amounts ol 


When the alloys are in the gamma state (austenite), however, 


by 
oY, 


Properties ot 


1919, 


p. 


79 
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manganese has little effect on the resistance. At 1000 deg: 
¢ 


the resistance of the 29 per cent manganese alloy is only 1 cer 
greater than the resistance of electrolytic iron at this tem 

These results are in agreement with the generalizatio1 
effect of an added element is to increase the specific resist 
to decrease the temperature coefficient of resistance; whik 







1000 °C. 
900 





N 
S 


Specitic Resistance, Microhm Centimeters 
Ny 
dS 






20 
Per Cent Mengenese 












Fig. 2—Resistance Isothermal Curves for Iron-Manganese 


Alloys 





metal has a low resistance at room temperature, its resistanc 



















creases rapidly and at high temperatures approaches that of its alloy 
since the alloys, although possessing higher initial resistances sh 
a slower increase in resistance with temperature. Hence compos 
tion has a diminished effect at high temperatures. 

The irregularities in the resistance above 900 degrees Cent. ar 
probably due to the incomplete elimination of the effect of the therma 
e.m.fs. developed between the iron lead wires and the specimens 
The dip in the 1000-degree Cent. resistance-composition curve (lig 
2) at 13 per cent manganese is probably due to experimental error 1 
the dimensions of the specimen and forging defects. 

In Fig. 3 are shown a few typical heating and cooling curves. Th 
curve for the 4.4 per cent alloy displays the effect of the alpha-gamma 
transformation on the resistance. The resistance increases rapidl) 
until a temperature of 760 degrees Cent. is reached, and the trans 
formation from alpha to gamma is complete. The change in re 
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0) deg: ( of with temperature is much less when the alloy is austenitic, 
only 1 ss ling from 1000 degrees Cent. the alloy remains in the gamma 


his tem vith its lower temperature coefficient of resistance, until a 


lization ature of 480 degrees Cent. is reached, at which the gamma 
a transformation begins. While the transformation 1s almost 


s resist 


>; While a te at 350 degrees Cent. it continues below this temperature 





1000 °C. 
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at of its alloys 





sistances show Fig. 3—Typical Heating and Cooling 


Temperature-Resistance Curves. 

















lence COmposi- 





d the resistance on cooling is slightly higher than on heating, until 
srees Cent. art room temperature is reached. The transformation range on cooling 
ot the thermal as revealed by the variations of resistance agrees very well with that 
the specimens bserved dilatometrically, but the observations on heating fail to 


Hig 


. Ta . . . - ° m7 ~ )» ‘ 
ssalltnaslind ny indication of the two-phase region between 700 and 800 


WA 
si Ve 


nental error n degrees Cent. In Fig. 4 are shown dilatometric curves for alloys 


of the same composition as those for which the resistance curves 


acne” | EG ee 
& curves, ine are shown in Fig. 3. 
+ alpha-gamma The resistance of the alloys decreased when they were held 
reases rapidl) the alpha plus gamma field. This effect was most pronounced 


and the trans- tor the 10 per cent alloy, the resistance of which after repeated heat- 
change in re- ings into the two-phase region, was reduced to a minimum of 80 
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per cent of its resistance when cooled slowly from 1000 deg 








The lower heating curve for the 10 per cent alloy in Fig. 3 
alloy after such treatment and the cooling curve shows tl 


conductivity following the heating to 1000 degrees Cent. Th 
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Fig. 4—Dilatometric Curves for Com 
parison with Resistance Curves of Fig. 3 








in resistance is due to the setting up of composition gradients whic! 


accompany holding in the alpha plus gamma field and which have bee 
demonstrated magnetically and dilatometrically in these alloys. At 
the temperatures at which the alloy was held in the two-phase regio! 
a small amount of high-manganese gamma was formed, and 
manganese content of the remaining alpha was lowered so mut! 


that the resistance of the specimen as a whole decreased. In thes 






alloys nothing was observed which would indicate that grain s! 





idients whic! 


ich have beer 


e alloys. At 


phase regiot 


ned, and tl 


red so mucl 
od. In thes 





>\ 





ys in which gamma is the only phase at any temperature. 





ALLOYS OF 





[RON AND MANGANES|! 1027 


in had an appreciable effect on the resistance. The slow rate 
ng near room temperature, however, would tend to relieve 
ins which might be set up. 

curve for the 20 per cent alloy is given to show the effect 

ramma-epsilon transformation on the resistance. 

he amount of epsilon formed in the 29 per cent alloy is very 
nd the thermal hysteresis is of the order of the experiment 

There is, however, a definite anomaly (between 25 and 


egrees Cent.) in the temperature coefficient of resistance which 


responds in temperature to the irregularity in the thermal expan 


this alloy. This effect appears to be quite similar to the 


lous expansion of invar. Indeed, there is a marked similarity 


een the resistance-temperature curves for the iron-manganese 


J 


and those for the iron-nickel alloys,* not only for those alloys 


which the alpha-gamma transformation occurs but also for those 


Gossels, “‘Versuche iiber die Stabilitat det Hysteresis Fe-Ni-Legierungen,”’ Zeits. 
Chem., Vol. 19, 1929, p. 182. 
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Alloys of Iron and Carbon with 2.5 and 4.5 Per Cent M 


By M. GENSAMER 


Abstract 


The 2.5 and 4.5 per cent manganese sections 
constitution diagram for the ternary system iron 
ganese-carbon, with carbon up to 1.3 per cent, hav 
drawn from data obtained by the study of 12 alloys 
pared with great care from materials of high purity. 


INTRODUCTION 


HIS study was undertaken as part of the program of the 
Research Laboratory, formerly known as the Bureau of 
lurgical Research, at the Carnegie Institute of Technology 
ternary alloys of iron, manganese, and carbon. The genera 
of this research has been discussed in earlier papers’ of the 


It is sufficient to say that an effort has been made to prepare 


of exceptional purity; although other papers on the iron-mangan 


carbon system have been published, none has been on alloys of 
purity used in this work. The results show that the recent stud 
of Bain, Davenport, and Waring? on alloys of commercial purity 
substantially correct—no important differences were observed bet 
their results for alloys of commercial purity and the much 
alloys used for this study. 


PREPARATION OF THE ALLOYS 
The alloys were prepared from hydrogen-treated electr 


'\Francis M. Walters, Jr., Cyril Wells, M. Gensamer, John F. Eckel, “All 
Manganese and Carbon,’’ Transactions, American Society for Steel Treating, \ 
1932, p. 577 

E. C. Bain, E. S. Davenport, and W. S. N. Waring, “The Equilibrium D 
Iron-Manganese-Carbon Alloys of Commercial Purity,’’ Transactions, American 
Mining and Metallurgical Engineers, Vol. 100, 1932, p. 228. 


Based upon a thesis submitted by M. Gensamer to the Carnegie Institute 
in partial fulfillment of the requirements for the degree of D.Sc. in Metallurgy 


The author is associated with the Metals Research Laboratory 
Institute of Technology, Pittsburgh. Manuscript received June 21, 
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eanese purified by distillation, and charcoal prepared trom 
They were melted in “C.P."” magnesia crucibles under an 
re of purified argon. 
electrolytic iron was treated in purified hydrogen at a 
ure of 1200 degrees Cent. for a sufficiently long time to 
the sulphur and oxygen to amounts which were less than 
letermined analytically. The principal impurity is copper, 
present in quantities less than 0.0] per cent. Before use. 

S Was subjected to a vacuum treatment at a temperature well 

elting point to remove hydrogen. 

Carbon was added in the form of iron-carbon alloys containing 
§ per cent carbon. These alloys had been prepared by melting 
ra electrolytic iron in C.P. magnesia crucibles with an excess 

charcoal prepared from sugar. These melts were made under an 


here of natural gas shown by analysis to be free from sulphur. 


he manganese used was prepared by vacuum distillation of man 


originally produced by the thermit process. 





FORGING AND HOMOGENIZING 


(he ingots were cut into quarters along planes containing: thi 
tical axis of the ingot. One-quarter of each ingot was forged to 


linder approximately one and one-eighth inch in diameter and 


ree inches long before the homogenizing treatment. While this 


ot change the shape much, the quarter was severely worked by 
psetting’ at least twice. The purpose of this forging treatment 
to aid in securing homogeneity in the alloys. The forging was 
rried out that the top and bottom parts of the ingot were at 


site extremities of the cylinder. In forging, the alloys were 


eated in a coke forge but were kept in the fire as short a time as 


ossible. Before homogenizing, the surfaces of the forged cylinders 


re ground in order to remove the surface which might have been 
inated during forging. 


one and one-eighth inch diameter cylinders were homoge- 


ized, using an alundum boat as a support in an atmosphere of purified 


Those alloys containing more than 1 per cent carbon were 
d about 12 hours at between 1065 and 1095 degrees Cent.; the 


B. Friauf, ‘“The Purification of Manganese by Distillation,’ TRANSACTIONS 
lety tor Steel Treating. Vol 1S, 1930, p 1248 
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alloys containing from 0.52 to 0.80 per cent carbon be 





and 1175 degrees Cent.; and the 0.18 carbon alloys b: 





and 1260 degrees Cent. After this homogenizing treatme) 





ders were forged into one-half inch diameter bars. No 








coring was found in any of the alloys examined. 





SAMPLING AND ANALYSIS 














Both ends of each forged bar were sampled for 


turning off the whole cross section of the bar in a lathe, 


‘; inch from the surface. In order to machine the b 





necessary to anneal them. ‘This was done in a covered 



















Table | 





Chemicai Analysis of Alloys 





















Manganese Carbon 
Ident Dilatom Oppo Ditt Dilatom Oppo Dit 
t etw Ave! ete! Site } 


vin 1 et 
rk nd end the End ag ond End Ky 








packed with steel lathe turnings and sealed with fine alundum cet 
The box was put into a large gas fired muffle furnace at 785 to > 
degrees Cent. and held 1% hours. It is unlikely that much « 
tamination could occur at these relatively low temperatures 
temperature of the furnace was then dropped to 600 degrees © 
and held for two hours, after which the gas was shut of! 

box allowed to cool with the furnace. 

Manganese was determined by electrolytic titration aiter ox 
tion with ammonium persulphate, and carbon by combustio! 
materials used and the method of preparation of the alloys ist 
freedom from appreciable amounts of impurities. The results 


the carbon and manganese determinations are tabulated in 
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n be OBSERVATIONS 
‘s bet ? 
itme) ) 5 lo establish the sections of the ternary diagram each alloy was 
No ¢ a . nvest ited with the dilatometer, and this was followed by heat 
tments and observation with the microscope. 
itometer observations were made at very slow rates of heating 
| cooling in the critical ranges (1 degree Cent. per minute or less 
some cases). It was found that the temperatures of transforma- 
for analysis . on observed on cooling were much below the equilibrium temperatures 
lathe, discay S .. ectablished by heat treatments, but that the transformation tempera 
the bars it wa ‘ures observed on slow heating were very little higher than the 
rvered iron | uilibrium temperatures, particularly for the hypereutectoid alloys. 
S The low carbon alloys (0.18 per cent carbon) were more sluggish, 
id dilatometric observations made even at slow heating rates could 
t be depended on. It was demonstrated, however, that the dilatome- 
-can be of use in such cases, provided extremely slow rates of 
wea heating are used. The beginning of transformation in an alloy which 
ann transforms very sluggishly was observed by bringing the specimen 
a selected temperature, holding for a period, and then cooling, 
- eanwhile observing the changes in length. Length changes on hold- 
0.00 ® ing of the order of magnitude expected are not reliable criteria for 
: insformation under these conditions, because of such extraneous 
factors as plastic flow in the sample. But if the reverse transfor 
: mation is observed on cooling from the holding temperature, there 
0 in be no doubt that the temperature of transformation had been 
a ! exceeded on heating. With this technique, dilatometric observations 
have been brought into good agreement with microscopic observa- 
ms of specimens held for a long time at the proper temperatures. 
alundum cement It is sometimes necessary to cool the sample well below room tempera 
ce at /85 tos ture in order to produce the desired reverse transformation by this 
that much « method. This was necessary in the case of the 0.18 per cent car 
\peratures. n, 4.5 per cent manganese alloy, and is no doubt due to the fact 
0 degrees Cen s that the first gamma phase to form on heating must be richer in 
shut off and t arbon and manganese than the alpha phase from which it forms, 
| consequently transforms at a lower temperature. 
tion after ox! Heat treatments were carried out in vacuum to avoid oxidation 


ombustion. decarburization of the samples. Forging scale was removed 


1e alloys insu! y grinding before heating. The temperature of the specimen was 
The results ieasured to within 3 degrees Cent. by a carefully calibrated thermo 


ated in [al couple attached directly to the specimen. Experiments were car 
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ried out to ascertain the length of time necessary to es‘ 
stantial equilibrium. It was found that the times necess 
than those estimated by Bain, Davenport and Waring. 
conservative and applicable to alloys of higher mangan 
For the sake of safety, no times less than those estimat 


authors were used. 


The Acm point in a given alloy was determined by 


alloy for a long period of time at increasing temperatut 


2. 


Austenite 


c 
F+lCrA 


ferrite + Carbide 


2.5 Per Cent Maengenese Section 


Qf O4 OF 28 


. Pane 
Per Cent Cerbon 


Fig. 1—2.5 Per Cent Manganese Section of 


the Constitution Diagram for the Ternary Sys 
| 


tem lIron-Manganese-Carbon 

ing, and observing the microstructure. The Ag, point 
as that temperature above which no carbides were visible und 
microscope when etched with sodium picrate. An objectiv 
numerical aperture was used in the search for carbides. 

The eutectoid transformation in these ternary alloys oc 
a range of temperatures; the lower temperature limit of this 
toid range will be called A,-lower, and the upper temperat 
A,-upper. To determine the A,-lower point, quenched samy 
etched with nitric acid in alcohol; samples quenched trot 
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eS \ contained a dark etching constituent, tempered martensite, 
Ss as absent from those quenched from below A,-lower. For 
2 in the two alloys of 0.18 carbon content, specimens were 
un sodium picrate; absence of carbides was taken as evidence 
at sample had been held above A,-upper. For A,-upper in the 
) g 
ul 
4 C+A 
po a” ik 
ba pn 
F+O+A 
Ferrite + Carbide 
4.5 Per Cent Manganese Section 
i 
04 06 08 120 
Per Cent Cerbaon 
Fig. 2 4.5 Per Cent Manganese Section 
of the Constitution Diagram for the Ternary 
System Iron-Manganese-Carbon. 
pereutectoid alloys the dilatometric observations were relied upon; 
re the dilatometer proved perfectly trustworthy, and microscopic 
earching for ferrite areas unreliable. A, for the 0.18 carbon alloys 
also determined with the dilatometer. 
nT was 


ad 


2.55 anp 4.5 Per CENT MANGANESE SECTIONS OF THE 


bjective 0 mh 
[TERNARY DIAGRAM 
— 
oe ee ‘rom data collected in the ways just described, Figs. 1 and 2 
of this ¢ ave been drawn for the 2.5 and 4.5 per cent manganese sections 


nperatur the constitution diagram for the ternary system iron-manganese- 
d samples 


>| frot 


irbon. Such sectional diagrams are too familiar to need explana- 
though one word of caution may perhaps be required. It 
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is impossible to tell from such a diagram the concentratio 
ganese or carbon nor the relative amounts of phases in a het 
field. For instance, the gamma phase formed on heating 
bon alloy to just above A, is certainly much higher in 
than the alpha from which it is formed, and is, conseq 
different carbon content than that indicated for eutectoi 
sition on the diagram, because of the changing solubility 
in the gamma phase with change in manganese. 

According to Arnold and Reed* the manganese cont 
carbides should be about 11 per cent for the 2.5 per cent 1 
alloy, and about 20 per cent for the 4.5 per cent manga 
this further complicates any effort to estimate the comp 
the phases present in any part of the diagram. From 
point of view this is not important; the useful information is ¢! 
temperature and composition limits of the various fields 
diagram. 
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WARTENSITIC GRAINS IN AIR-COOLED LOW CARBON 
STEEL AND THEIR EFFECT ON MACHINABILITY 









By O. W. McMULLAN 


Abstract 











[his paper describes the occurrence of grains of mar 
site or martensite and austenite in air-cooled low carbon 
ls of fairly low alloy content. Their effect on cutter 
and quality of finish on machined parts ts discussed 
heating and cooling cycle is described which will elim 

ite both the martensite and banding which occur during 
atments usually given. 
























APPEARANCE AND PROPERTIES 






HE presence of martensitic grains in air-cooled low carbon steel 
‘ha first noticed in a heat of open-hearth S.A.E. 4615 steel of 
following analysis: C, 0.17; Mn, 0.45; P, 0.015; S, 0.030; Si, 
26: Ni, 1.76; Mo, 0.27. This steel had given trouble in machining 
an automotive gear plant after normalizing in a pusher type fur 
nace. Some of the blanks were sent back to the mill where they 
ere retreated by holding three hours at 1800 degrees Fahr., and 
wled to 1200 degrees Fahr. at the rate of 100 degrees per hour, 
iiter which they were cooled in air from 1200 degrees Fahr. The 
piece machined ruined the cutter. A small sample after the 
tter treatment was examined microscopically but none from the 
rst treatment was available. 
(he microscopic examination revealed a considerable number of 
rains and parts of grains, which were structureless after short 
tching in nital. Deeper etching developed a faint needle-like struc 
ture typical of martensite in a background of austenite. Magnifica 
tions of 500 diameters or over were necessary to show the needle 
lormation. Some of the areas occurred as isolated grains, but most 
| them were parts of pearlite grains, some at boundaries and others 
uclosed within the pearlite. The pearlite in steel of this analysis 1s 
granular rather than lamellar. Figs. 1 to 5 taken at 2000 diameters 
paper presented before the Fifteenth Annual Convention of the society 


Detroit, October 2 to 6, 1933. The author is metallurgist with th 
Detroit Axle Co., Detroit. Manuscript received July 28, 1933. 
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Fig. 1—S.A.E. 4615 Held at 1800 Degrees Fahr. for Three Hours 
the Furnace at the Rate of 100 Degrees Per Hour to 1200 Degrees Fahr., 
Cooled. A Single Complete Grain of Martensitic Needles in an Auster 
Adjacent to a Pearlite Grain 2000. 

Fig. 2—Same as Fig. 1 but Showing One Half of a Grain of the Austenit 
Structure with the Other Half Pearlitic with Surrounding Grains Mostly 

2000. 
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irs and | ; Same as Fig. 2 but with Several Grains Partly Made Up of the Hardened 

uhr., and tl ' < 2000. 

istenitl . _4—Same as Fig. 2 Showing One Large Grain of Pearlite with Islands of the 
. Structure Completely Surrounded by Pearlite. < 2000 

ustenite 


Me Stiy . 
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Fig. 5—Same Steel and Treatment as Figs. 1 to 4, with a Microcharact 
Showing the Hardness of the Ferrite, Pearlite, and Austenito-Martensit! 
2000. 
Fig. 6—S.A.E. 4615 Good Machining Steel Heated Two Hours at 
Fahr., Cooled in the Furnace to 1600 Degrees Fahr., and then Cooled in Still 
eral Partially Martensitic Grains are Visible. < 1000. 
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ie different locations. Fig. 5 is that of a microcharacter 
across a mixed grain showing the martensite to be much 
than the ferrite and also harder than the pearlitic portion of 
¥ ne grain. The Brinell hardness was only 156. 

ie effect of cooling rate on the above heat of steel was similar 

on those described later. A sample carburized at 1700 de- 
srees Fahr., for 15 hours and cooled in the box did not show any 
martensite. The grain size was No. 8 and the structure the usual 
ne for S.A.E. 4615. Only small samples of this heat were avail 
ble so that the effect of the structure on machinability could not bx 
letermined. The results from the microcharacter offer a probable 
explanation for the difficulties in machining. The presence of the 
hard particles cannot be detected by the Brinell test, since they are 
nerely pushed into the softer ferritic matrix. The action might be 
ompared to the Brinelling of gray cast iron containing excess 
carbide particles. There also, the Brinell hardness may not be a 
cuide for machinability. 


I’x PERIMENTAL 











The relationship between structure and machinability, that is, 
tool life and smoothness of finish, has been studied on other heats 
of S.A.E. 4615. This steel was of higher manganese content, made 
n the electric furnace and by a different steel company. Two heats 
were selected because of the known difference in their machining 





jualities after the preliminary treatment given them. 





Machining Quality C Mn P S Si Ni Mo Grain Size 
Poor 0.23 0.69 0.021 0.018 0.28 1.84 0.24 7-8 
Good 0.15 0.65 0.022 0.032 #& 0.26 1.80 0.23 6-8 































The McQuaid-Ehn test showed the usual ‘‘moly” type of struc- 
ture mostly number 8 in both, with a little more variation in the good 
cutting steel which also showed banding in both the case and the 
core. The normalizing treatments given these two heats were not 
identical. Various cooling cycles were therefore given to determine 
it the difference was in the steel or treatment. Samples were cut 
irom machined parts and were necessarily irregular in shape, but 
were approximately one inch square by 34 of an inch in thickness. 
a 


lable II gives the Brinell hardness obtained after the treat- 
ments listed in Table I. The apparent irregularity in the series 1-10 
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Table | 


lrreatment 
No. Treatment After Holding 2 Hours at 1800 Degrees Fah1 
Cool direct in air. 
Cool in furnace to 1600 degrees Fahr., and then air cool] 
Cool in furnace to 1400 degrees Fahr., and then air cool 
Cool in furnace to 1300 degrees Fahr., and then air cool 
Cool in furnace to 1200 degrees Faht , and then air cool 
Cool in furnace to 1100 degrees Fahr., and then air coo] 
Cool in furnace to 1000 degrees Fahr., and then air cool] 
Cool in furnace to 900 degrees Fahr.. and then air cool 
Cool in turnace to SOO degrees Fahr., and then ait cool 
Cool in furnace till cold. 
Transfer to furnace at 1200 degrees Fahr., hold 15 minutes, air coo] 
Transfer to furnace at 1200 degrees Fahr., hold 1 hour. 15 minutes, a 
‘ransfer to furnace at 1200 degrees Fah , hold 1 hour, 15 minute Ss. Ww 
anster to lead at 1200 degrees Fahr., hold 3 minutes. water quencl 
‘ransfer to lead at 1200 degrees Fahr.. hold 1 hour, water quench 
ansier to lead at 1200 degrees Fahr.. hold 3 minutes, air cool 
‘ransfer to lead at 1200 degrees Fahr.. hold 1 hour, air cool 
‘ransfer to lead at 1200 degrees Fahr.. hold 2 minutes, cool in fut 
1200 degrees Fahr. 
‘ransfer to lead at 1200 degrees Fahr.. hold 1 hour, cool in furnace { 
1200 degrees Fahr. 
anster to turnace at 800 degrees Fahr., hold 15 minutes. ait cool 
‘ransfer to furnace at 800 degrees Fahr., hold 1 hour. 15 min , air cc 
‘ransfer to furnace at 800 degrees Fahr.. hold 1 hour, 15 min., wate: q 


I 


nace |} 


is probably due to the limited number of samples tested failin 
give a good average. A difference was found between the tw 

of steel, but it was a difference in degree rather than an entiré¢ 
ference in action. The steel which gave the difficulty in machining 
was harder through all the ranges of treatments probably du 
higher carbon content. It showed greater air hardening with 
ferrite separation when cooled from above the critical ray o 
more martensite when cooled in air from within the critical ra 
Slow cooling to a slightly lower temperature also was requir 
eliminate all of the martensite. “The difficulty in machining 


probably largely due to the difference in treatment rather than 


inherent difference in the steel. The structures described and 


~ 


tographs shown will therefore be mostly of the heat with goo 


machining properties. 

Figs. 6 to 10 show the structures obtained after heating to 180i 
degrees Fahr., and cooling in the furnace to the temperatures me 
tioned and then cooled from those temperatures in still ai 
direct air cool from 1800 degrees Fahr., is not shown since it 
very similar to that cooled from 1600 degrees Fahr. As the criti 
range is entered, ferrite separation and banding occur witl 
increase in carbon concentration and the formation of mot 
larger martensitic grains. By cooling to 800 degrees Fahr., that 


below Ar,, martensite is no longer formed and little differenc 
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Hill air. Th 
since it was 
is the crit 


1 


Same as Fig. 6 but Air-Cooled from 1400 Degrees Fahr. Note Banding and 
4 ng of Structure as well as Martensitic Formation x 1000. 
Fahr., that 1 8—Same as Fig. 6 but Air-Cooled from 1200 Degrees Fahr. Structure Janded 
ial ‘oarser with More Martensite. X 1000, 
difference 





TRANSACTIONS OF THE 4A. S. S.° 


Fig. 9—Same as Fig. 6 but Air-Cooled from 1000 Degrees Fahr. struct 
to Fig. 8. < 1000. 

Fig. 10—Same as Fig. 6 but Air-Cooled from 800 Degrees Fahr., Grai 
Banding Similar to Figs. 8 and 9, but Martensite has disappeared. Some ot t 
ite is Partially Spheroidized. « 1000. 
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Table Il 


Brinell Hardness Obtained After Heat Treatments Given in Table | 


[reatment srinell Hardness 
No. Good Cutting Steel Poor Cutting Steel 

174 207 
174 207 
183 217 
179 »()? 
192 202 
179 207 
163 212 
159 179 
146 156 

159 

187 

202 


> 


235 


tructure results below this temperature, even when furnace-cooled 
to room temperature. Banding develops during slow cooling in steel 
which has the tendency to do so. 


In an attempt to eliminate the banding by faster cooling and 


perhaps some of the martensite also, because of more even carbon 


listribution, samples were transferred from 1800 degrees Kahr. to a 
furnace set at 1200 degrees Fahr. Some were held for 15 minutes 
r merely long enough to allow the sample to reach 1200 degrees 
Fahr., and others for one hour longer. These samples did show less 
handing but also showed considerable ferrite separation and mar- 
tensitic formation. ‘The unexpected result was the formation of 
much more martensite when held for the longer time at 1200 degrees 
Fahr. The grain is also somewhat coarser. Figs. 11 and 12 show 
these structures. Fig. 13 is taken from a sample quenched in water 
after being held at 1200 degrees Fahr., for 15 minutes, indicating 
that the pearlite in the others formed during air cooling below 1200 
degrees Fahr. This last sample, however, was taken from the poor 
machining heat. Still more rapid cooling from 1800 to 1200 degrees 
Kahr., was obtained by quenching the samples in molten lead at 
200 degrees Fahr., and further cooling as described in treatments 
[4 to 19 inclusive. Some of the structures are shown in Figs. 14 

The lack of pearlite in Fig. 14 may have resulted irom too 
short a time at 1200 degrees Fahr., before quenching, since the longer 
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Fig. 11—S.A.E. 4615 Given Treatment N« 11, Table I The More 
Through the Upper Critical Range has Suppressed Banding Martensiti 
} rt 
Present. < 1000. 


Fig. 12—Same :; Fig. 11, Given Treatment No. 12 The Longer Hol 





Degrees Fahr. Before Air Cooling has Resulted in the Formation of More Mat 


More Pronounced Banding 1000 
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S.A.E. 4615, Poor Machining Heat, Given Treatment No. 13. The Wate 
irom 1200 Degrees Fahr. has Held the Carbon Almost Entirely in the Mar 
ructure. x 10060. 
14 S.A.E. 4615, Good Machining Heat, Given Treatment No. 14 Table III 
ienching from 1200 Degrees Fahr., has Again Produced Martensite and Pearl 
darkened grains at the right are the result of faulty illumination They are 
also.) x 1000. 
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Fig. 15—Same Steel as in Fig. 14, Given Treatment No. 15. Longer 
1200 Degrees Fahr., Before Water Quenching has Resulted in the Formati 
Pearlite. The Rapid Cooling Through the Upper Critical Range has Eliminat 
but Still Permitted Ferrite Separation. < 1000. 

Fig. 16—Same as Fig. 14, but Given Treatment No. 16. The Air Cool 
a Water Quench from 1200 Degrees has Produced More Pearlite but Several } 
Crystals are Still Visible. > 1000. 
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this case shows some pearlite. Even this more rapid cooling 
n these samples allows considerable ferrite separation, which 
ibly necessary to easy machining because of the coarsening 


structure produced thereby. On the other hand, too slow 


ling will produce banding and separation of ferrite into large 


reas vhich are believed to five poor finish. The results here ob 


tained show banding to take place during slow cooling in the upper 
part of the critical range, but a more rapid rate of cooling if carried 


through the lower part of the critical range will produce martensitic 


rystals detrimental to tool life and finish. 


BANDING ELIMINATED 


To accomplish the desired results, treatments 20 to 22 were 
civen. By transferring the samples from a furnace at 1800 degrees 
Fahr. to one at 8OO degrees Fahr., the rate of cooling would auto- 
matically become slower as 800 degrees Fahr. was approached. Figs. 
I8 to 20 show the uniformity of the structures obtained; although 
800 degrees Kahr. is apparently a little too high if the samples are 
not held long enough at this temperature or if they are water 
quenched. This was more pronounced in the heat of steel! that 
machined poorly. It is believed that the structure produced will 
proach the ease of machinability and cutter life obtained with 
furnace cooled material, but will still retain sufficient uniformity of 
structure to give a good finish. This was checked on production 
parts by a similar treatment except that the lower furnace was about 
000 degrees Fahr. before placing the heated parts in it. The heat 
trom several hundred pounds of metal raised the temperature to 
about 1050 degrees Fahr. This dropped back 100 to 200 degrees 
Fahr. in a short time and then more slowly till below 800 degrees 
Kahr. The parts so treated were taken from a lot giving trouble, 
since only eight or ten pieces per cutter grind were being produced. 
\iter the above treatment, the entire lot of 100 pieces were ma 
chined without grinding the cutter and a much better finish obtained. 
Kepeated checks have given similar results. 


PRESENT CoMMERCIAL NoRMALIZING CyciEs Nort REGULATED 


TO Propuce Best RESULTS 


he usual commercial practice in normalizing this type of steel 
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Fig. 17—-Same Treatment as Fig. 16, but Held One Hour Longer 
Fahr., Before Air Cooling. The Longer Time at 1200 Degrees Fahr., 
sulted in the Formation of More Martensite Just as It Did in Fig. 12 

Fig. 18—S.A.E. 4615, Good Machining Heat, Given Treatment No 
ture Showed a Slight Pattern with Coarser and Finer Areas. Some Martensit 
in the Fine Areas Indicating that 800 Degrees Fahr. is a Little too High 
Holding was not Long Enough. < 1000. 





MACHINABILITY OF 1049 








¢ an e “ =* > “* rm , 
19—Same as Fig. 18, Given Treatment No. 21 


inge Has Eliminated Martensite. 
>) 


; 21. Faster Cooling Through the 
Critical Range has Practically Prevented Banding and Slow Cooling Through the 


1000. 


Same Treatment as in Fig. 19, but Water-Quenched from 800 Degrees 
nstead of Air Cooling. This Sample Shows a Pattern Effect with Martensite in 
‘r/Grains Indicating that 800 Degrees Fahr. is not Quite Low Enough for the 
imit of Slow Cooling if Followed by a Water Quench. 


x 1000. 
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is either to heat the parts in a batch type furnace at 1¢ 

degrees Fahr., and pull out into air or else to run the: 
a continuous furnace whose maximum temperature is the 

the batch type and with a temperature of 1200 to 1000 ck 

or at least above Ar,, at the discharge end. 

The use of high temperatures of 1800 degrees Fah: 
in normalizing is to develop coarse-grained pearlite whicl 
conceded to be the most desirable structure for machini: 
types of steel experimented with. Furnace cooling from 
peratures consumes too much furnace time and adds 
Direct air cooling from the batch type furnace produces 


finer grained structure relatively free from banding and ¢ 


finish in machining, but tool life and ease of machinability 


as good as with softer structures. For heats subject to suc! 
tions, the continuous cycle promotes banding by slow coolin 
furnace at high temperatures and more rapid cooling throug! 
to form martensite. The heat designated as poor machini 

been put through a continuous counterflow furnace and discl 

at about 1000 degrees Fahr. This furnace was of the latest 
electrically heated with the work passing through single file travelling 
in opposite directions, one row entering from each end of the fur 
nace. Cooling in the lower critical range was therefore accelerat 
by cold work entering in the adjacent row. The good machining 
sample had been normalized in an oil-fired straight through pushe: 
furnace whose discharge end temperature was approximately S80 
degrees Fahr. The work from the counterflow furnace was band 
and contained considerable martensite in some of the pearlite 
while other bands were nearly free from that constituent 
work from the straight through furnace contained no marten 
When a sample of the poor machining steel was normalized in th 
straight through furnace, it contained but few hard grains. 

poor machining parts had all been semi-machined before reaching 
the finish machining operation, they could not be re-run throug! 
the high temperature cycle. In place of this they were given a dra\ 
at 1200 degrees Fahr., for two hours. The Brinell hardness was 
only slightly reduced but the cutter life increased from thre 
four pieces per grind, all of rather poor finish, to 35 or 40 pieces 
per grind and at the same time the surface finish was greatl) 
proved. The expected tempered structure was produced 
former martensitic grains. 
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is greatly 1 _ Fig. 21—S.A.E. 4615, Good Machining Heat, Held Two Hours at 1600 Degrees 
ae fant oled in the Furnace to 1000 Degrees Fahr., and Then Air-Cooled. The Struc 
duced Lh tal re nsists of Bands of Ferrite and Mixed Pearlite and Martensite Maximum Tem 


of Heating is Therefore not the Governing Factor in the Formation of Mar 
1000. 
22—-Coarse-Grained S.A.E. 4615, Heated to 1800 Degrees Fahr., Furnace-Cooled 
Herd Degrees Fahr., and then Air-Cooled. The Microcharacter Scratch Shows the 
ardness of the Martensitic Grains. X 1000. 
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\n attempt was made to machine parts which had b 
at 1200 to 1300 degrees Fahr., after cooling from the forg: 
he cooling rate from the high temperature had been tox 
a Widmanstatten structure with but little ferrite granu 
resulted, the structure approaching more nearly to that of a 
and drawn part. Machinability was poor. It is possible 
results might be obtained by placing forgings directly from 
mer in a furnace held at 600 to 800 degrees Fahr. to 
proper cooling cycle. 

Samples were also cooled in the furnace from 1600 
degrees Fahr., and 1000 degrees Kahr., tollowed by an a 
determine the effect of maximum temperature on the n 
formation. The structure was somewhat finer grained 
tained a little less martensite, but it was still present in cor 
quantities as shown in Fig. 21. Holding for one hou 
degrees Fahr. had little effect on the structure. lower 
temperatures would not be commercially desirable and 
temperatures were used. 

The two heats experimented with above, were of recent 
facture with higher manganese content than formerly us¢ 
heats of steel made about three years ago with the old mai 
limits, one fine, one coarse-grained were heated to 1800 
Fahr., furnace cooled to 1200 and 1000 degrees Fahr., and 
cooled. Both contained martensite. The structure of the 
erained heat is shown in Fig. 22, with a microcharacter scrat 
showing the hardness of the martensitic grains. 

\ Mn P S Si Ni Mo ( 


().17 0.54 0.017 0.020 ().29 ‘27 0.25 
0.16 0.54 0.030 ().020 0.11 1a? 664 


Not Propucep IN ALL STEELS 


Experiments were made on other types of steel to deter! 


the structure was peculiar to nickel-molybdenum steel. T: 


shows types of steel and treatments given after being held 


degrees Fahr., for about two hours, cooled in the furnace 
temperature given in the table, and air-cooled from that 
ature. 

S.A.E. 2512 after cooling in air, produced the structure 


in Fig. 23, containing a large amount of martensite. A 








old manganes 


o determine 
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Table Ill 
freatments Given After Holding 2 Hours at 1800 Degrees Fahr. 





Furnace 
Cool to 





nell Degrees Faht Structure 
1000 Ferrite and martensite, some  pearlite 

74 800 Ferrite and pearlite, some martensite 

Q2 1300 Mostly Widmanstatten structure. Some martensitic indication 
19 1100 Ferrite, pearlite with traces of martensite 

34 900 Ferrite, pearlite. No martensite 
179 1400 Ferrite, pearlite, some Widmanstatten structure 

153 1200 Ferrite, pearlite. No martensite. 

56 1000 Ferrite, pearlite. No martensite. 

23 1100 Ferrite and Widmanstatten structure. Traces of martensite 
35 900 Mostly ferrite and martensite 

17 1400 Ferrite, pearlite No martensite. 

149 1200 Ferrite, pearlite. No martensite 



















the same heat of steel as the others of that type. 


to 800 degrees Fahr. consisted mostly of pearlite and territe. 


some partially martensitic appearing grains developed in S.A.E. 
315 after cooling from 1300 and 1100 degrees Fahr., but no pro 


~ 
“Js 


younced martensitic structures were produced. 
The structure did not develop in either 3115 or 6115, the latter 
eing shown in Fig. 24 after cooling in air from 1200 degrees Fahr. 
The 3.5 per cent nickel-molybdenum steels after cooling from 
1100 degrees Fahr., gave the pronounced Widmanstatten structure 
) 


5, with a few grains of martensite and with ferrite banding. 


Fig, 2. 











When cooled in air from 900 degrees Fahr., it consists mostly of 
ferrite and martensite, as in Fig. 26. It may be possible that the 

r particles of Fig. 25 are also martensite, but not sufficiently re 
solved by the objective to be recognized as such. A limited number 
i samples of these latter types were tested, but they do show that 
the martensitic structure is much less apt to occur in some steels 


in in others. 


THEORETICAL CONSIDERATIONS 












(he cause of the martensitic formation has not been determined. 
\ possible explanation is the segregation of the alloying elements 
ie steel. It is, however, rather difficult to think that segregation 
would cause small grains of martensite to be uniformly distributed 
throughout the sample when cooled from a high temperature, and 
coarse grains in a banded formation when air-cooled from just 


af,. 


Andrew and Dickie! state that in the Ar, range, the 








Now I; 1927. 





Range in Special Steels,’ Journal, Iron and Steel Institute, 
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S.A.E. 2512, Treated as in Table III and Air-Cooled from 
Fahr. Not Much of the Austenite has Transformed to Pearlite. < 1000. 
Fig. 24—S.A.E. 6115, as Treated in Table III and Air-Cooled from 
Fahr. The Structure Consists of Ferrite and Fine Lamellar Pearlite. 
was Formed. ~< 1000. 
Analysis:—C, 0.19, Mn, 0.76, P, 0.019, S, 0.034, Si, 0.19, Cr, 0.89, 
Cent Grain Size No. 8. 
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Figs. 25 and 26—A 3.5 Per Cent Nickel-Molybdenum Steel Heated to 1800 Degrees 

hr., Cooled in the Furnace to 1100 and 900 Degrees Fahr., Respectively, and then Air 

These Structures Show that more Martensite is Formed by Air Cooling if the 

| has First Been Slowly Cooled to Nearly Ar;, to Permit Ferrite Separation and 
alized Carbon Concentration. X 1000. 
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pearlite first separating will have higher carbide content 














nickel than obtained on an average after the pearlite 
Whitely? mentions phosphorus diffusion and adds that 
ments may be redistributed also. Hallimond* and Whitely 
the effect of supersaturation in producing areas of differe: 
ability. Jones’ states that the hardenability may also be 
by the manganese content if nickel is segregated. Kjerr 
scribes the effect of different elements in causing the pear] 
formation to take place over a range of temperature, but states 
long annealing and slow cooling promotes homogeneity n 


normalizing through the range. The present investigation ha 

























that slow cooling during the upper part of the critical range pr 
banding and the subsequent formation of martensite. Hult 
states that on heating, the austenite formed in the Ac 
mation is heterogeneous, conforming closely to the pre-existi 
pearlite. It might be assumed that the reverse takes place on cool 
but it does not explain why different grains or parts of 
grain should produce martensite or martensite and austenit 
the remainder produce pearlite at the same rate of cooling. 

The separation of ferrite and concentration of carbon 
grains approaching eutectoid composition during slow cooling in tl 
upper critical range is believed to be the explanation for the greate: 


amount of martensite formed on subsequent air cooling than wher 
directly air-cooled from high temperatures which prohibits car! 
concentration. The variation from grain to grain and from one part 
of a grain to another is probably caused by segregation of elements 
and supercooling. Air cooling is just fast enough to prevent 
transformation in some areas and not 1n others. 
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SUMMARY AND CONCLUSION 









































results of this investigation have shown that: 


\lartensite or martensite in an austenitic matrix may occur 






‘oled low carbon steels in certain alloy steels of fairly low 






ntent. 
Slow cooling (such as furnace cooling) above the Ar, point, 
by an air cool through Ar,, produces more martensite than 
air cool from a higher temperature. The slower cooling 
nermits ferrite separation and higher local carbon concentration and 
ns some segregation of alloying elements as well. 
3. With faster cooling to a point above Ar,, holding at this 
and then air cooling through Ar,, those samples held longer 
tained much more martensite than those air-cooled as soon as 
perature equilibrium had been reached. This was an unexpected 
result, and no explanation was found. The longer holding time 
have permitted more segregation. 
Banding was found to develop during slow cooling 1m the 
pper part of the critical range, but did not occur to any extent in 
the lower part of the range if cooled more rapidly through the upper 
ritical range. 
5. A combination treatment was arrived at giving relatively) 
fast cooling in the upper critical range to eliminate banding and slow 
ling through Ar,, to eliminate the formation of martensite. This 
yas accomplished by transferring the metal from a furnace at the 
ch normalizing heat, to one near the Ar, point (or below it if 
the parts contain sufficient heat to raise the furnace temperature 
hove Ar,). cooling through Ar, in the furnace, and then followed 
all\ desired rate of cooling. It is believed a s isfactory cycle 
can be obtained in a continuous type furnace. Transferring parts 
lirect from the forge hammer to a furnace at the low temperature 
might produce a satisfactory structure, but this has not been 


6. Treatments as in paragraph five are suggested for tool life 

surface finish in subsequent machining and are not claimed to 
permanently eliminate banding. No checks were made after a sub- 
sequent heating. The structure produced was expected to approach 
the ease of machinability of fully annealed steel, but still eliminate 
the soft ferrite bands and provide the uniformity necessary for good 
as might be expected from quenched and drawn material. 
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The actual results in production confirmed this by sho 
markable increase in number of pieces per grind of cutt 
the same time a better finish on machined parts. 

7. The presence of the martensitic grains cannot 
by Brinell hardness checks, as but little increase was s| 


increase of martensite. The ball impression is much too 




















hard grains merely being pressed into the soft ferritic mat 
microcharacter scratch does show the greater hardness o| 
tensite and its probable effect on tools. 

8. A few tests on different types of steel show that S 
does not always form. The number of tests was not sufi 
say definitely that one type of steel was more susceptible tha: 
but it could be produced in all the nickel-molybdenum ste 
Some steels with greater hardening power when wat 
quenched from above the critical range, did not produce si 
on air cooling while others with less hardening power cont 
much martensite after air cooling. Further investigation is 


to determine the cause of the martensitic formation. 
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DISCUSSION 
EK. E. Taum:' I think Mr. McMullan’s paper describes somethi 
might be termed a “disease”; fortunately he has found a remedy. 
step appears to be to pursue the inquiry (and this is probably a job 
steel makers) and discover what the essential cause of the disease 1s and 
move that cause. When that is accomplished the rather complicated heat t 
ment which is necessary to cure defective material can be abando 
simpler operation. 
The micrographs shown very clearly indicate the presence of martenst' 


alongside of well-decomposed areas which at one time were martensite 


micros, I understand, were taken from a low nickel steel. 1 wonder 

is not an indirect indication that nickel itself is segregated in the steels 
support this suggestion is the well known fact that nickel has a powertul el! 
on depressing the transformation point. The only thing which suggests 1 
to my mind as a reascn for the close proximity of two patches of mat 





1Editor, Metal Proaress, Cleveland. 
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sho rent metallographic conditions, is that one has a high alloy content, 
Cutt the other has not. 
however, violates another commonly-understood idea that nickel 
1 soluble in ferrite. \n iron-nickel alloy containing far more nickel 
a sted in these particular gear steels, would form a reasonably uniform 
-s ution after soaking above the critical temperature. Furthermore, th 
too at treatment which Mr. McMullan finds to be incapable of removing 
Mat thle. would rather cause the diffusion of nickel throughout the ferrite 
SSO ise its further segregation. 
haps the whole trouble is hooked up with something connected with 
ioinal banding of the steel; that is, some effect of the ingot segrega 
ap ; unknown elements which cause the appearance of pearlite in well marked 
t SI c1e} throughout rolled material. Or we may have to go even further back 
le th he the steel making and discover whether electric steel and its higher fur 
m ste = ind casting temperatures is somehow to blame. 
wate} . \t any rate, it seems to me that the study of the essential reason for the 
Pe rance of this duplex structure (certainly one not to be expected as an 
uce n : 


ibrium structure) would be well worth while to remove the trouble ot 
sional hard spots from commercial metal. 

O. W. Boston: Mr. McMullan’s paper is extremely interesting and gives 
luable information relating to the structure and the resultant machinabuility 
the work. As stated by Mr. McMullan, this work was necessitated by prac 

ical production trouble and was not carried on in the manner of a research 


¢ 
Ll. 



















It is noted that, by good machinability, reference is made to good finish, 
valuable s * ae : ; 
; tool life, and ease of machining, all grouped together. It would be inter 
t the Timk sting if Mr. McMullan could differentiate between these three factors of 
t the Cadi ichinability and give us further information as to the best structure for finish, 
tool life, and for low power, as these three are believed to be quite in 
lependent factors. 
Author’s Closure 

something wl In regard to the segregation of nickel producing this structure, suggested 
nedy. Th a possibility by Mr. Thum, as shown by photographs, the sample cooled 
ly a job irectly in air from 1600 degrees Fahr. (that is above the critical range) pro- 


isease is and luced a uniform fine-grained structure in which there were a number of small 


icated heat tr grains containing martensite. The same steel, taken from the same gear, 


{ 


abandoned vhen allowed to cool down to 1200 or perhaps 1000 degrees Fahr., produced 


nartensitic grains in band formation. They were much larger, and there 


ce of martensit vere of course fewer of them because the number of grains was much less. 


artensite. [hes It seems rather difficult to lay the blame entirely to segregation, requiring 
ler + ¢+ hat . ¢ . : . 
[ wonder if that segregated areas could, in this very short time, concentrate themselves 


1 the steels ma large number of small grains to a fewer number of large grains. Also, 


a powertul eft as far as nickel itself is concerned, it happens with those particular heats of 
h suggests itse of S.A.E. 2315 with which I experimented, very little martensite was 


2S Of materi 








Director, Department of Engineering Shops, University of Michigan, Ann Arbor, 
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found. Whether it just happens that something about the steel n 

of those particular heats prevented this martensitic formation in 

not say. I do not believe it can be entirely a question of nickel 
In reply to Professor Boston’s discussion I do not believe, 


Boston has suggested, that tool life, low power, and surface fi 


pendent factors. In fact I believe they are quite dependent upor 


even more or less in the relation of cause and effect from a com: 
point at least. 

If the steel being cut requires high power input, it means tl 
on the tool must be that much greater, with consequently more 
cutting tool, more of a tendency to overheat and burn edges, an 
terioration of the tool. Tool life would, therefore, be greatly dep 
the power necessary to cut the steel. 

For quality of surface finish I believe that, if commercial « 
are neglected such as the time necessary to finish a certain artic] 
ture giving the best surface would be one as fine-grained and as 
possible. With such a structure, if the speeds, feed, depth of cut 
reduced, a very good finish should be obtained because of the uni 
the material, and the chip cut at all times should be very nearly 
Such a structure would be obtaind !n a hypoeutectoid steel by for: 
bite. With an eutectoid steel, a sorbitic structure also should be sat 
but a fine-grained pearlite would be quite similar since there is 
constituent present. A spheroidized or partially spheroidized structu 
also approach the two previous ones mentioned. 

When the time factor for economic considerations enters, it is 
to have the steel in a condition showing the lowest impact and har 
other words, the steel having the best machining properties would be 
has been referred to as a soft brittle steel. This condition would 
tool life because of the low power necessary, and at the same time give 
sonably good commercial finish. I am, of course, neglecting to c 
presence of hard abrasive nonmetallic material which might wear or ni 
cutter. These, however, should not be present in a steel of good qualit 
truth of these factors is shown by the ease of machinability of high sul 
screw stock compared to a steel of similar carbon content but with low sulp! 
which has high impact. 

The structure which has given the best all around results in 
has been found to be a coarse-grained pearlite. This occurs natural! 
ordinary normalizing temperatures in coarse-grained steels, and is 
in fine-grained steels by high normalizing temperatures. The coars 
structure gives the lower impact necessary for low power and long 
and at the same time a satisfactory finish with high cutting speeds necessat 
in commercial work. 
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THERMAL CONDUCTIVITY OF IRONS AND STEELS AND 
SOME OTHER METALS IN THE TEMPERATURE 
RANGE 0 TO 600 DEGREES CENT. 









By S. M. SHELTON AND W. H. 







SWANGER 


Abstract 

































The thermal conductivities in watts cmv deg hav 
en determined over temperature ranges between 0 and 
(0 degrees Cent. for sinc, nickel, a few nickel alloys and 
wenty irons and steels selected as typical examples of 
commercial materials used for a variety of purposes. The 
method and apparatus are described. A comparative 
icthod of measurement was used, all values being re 
ferred to the thermal conductivity of lead, assumed to 
e 0.352 watts cm deg? at 0 degree Cent. 

For the pure metals and the trons and low alloy 
teels the thermal conductivities decrease with increase 
1 temperature. The conductivities of the high alloy steels 
and of the nickel alloys increase with mcrease im tempera 
turc. In general, the thermal conductivities of all the 
materials tested are linear functions of the temperature 
within the range within which measurements were made. 
A noteworthy exception is nickel, for which a sharp 
change from a negative to a positive temperature co 
efficient of thermal conductivity occurs at the temperature 
of the magnetic transformation. 

For the ferrous alloys, an increase m the amount 
of alloying constituents in tron causes, in general, an 
increase in the temperature coefficient of thermal condu 
tivity. However, the many, and sometimes conflicting, 
factors concerned make it practically impossible to gen 
ralize concerning the quantitative relationship of thermal 
conductivity and total alloy content of ferrous metals. 


\ 





INTRODUCTION 


Te primary object of most of the determinations of thermal 
conductivity of metals made in the past has been to correlate 
thermal and electrical conductivities of the metals. There have been 
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comparatively few determinations of the thermal cond 
irons and steels, the most widely used of all metals. Whi 
mal conductivity of a structural metal may seldom }y 
important factor to be considered in selection or design, 1 
conductivity of structural materials over a range of tem) 
of considerable importance in many instances. 

This paper describes the apparatus and method used 
the results obtained in the determinations of the thermal . 
ties of a number of metals over a range of temperature 







and 600 degrees Cent. (1110 degrees Fahr.). 
The materials included several pure metals and a numbe; 
ferrous and nonferrous alloys selected as typical examples 








mercial materials used for a variety of purposes, and whi 


HiCi) Wel 


known to have considerably different thermal conductivities 


Test METHOD 


The apparatus used was designed by M. S. Van Duse: 


























Heat Transfer Section of the Bureau of Standards. It was design 
for comparative measurements, thus eliminating calorimetric 
power-input determinations which are difficult to perform with uni 
formly high accuracy over a broad range of temperature. Hig! 
purity lead was used, either directly or indirectly, as the ‘‘standard 
with which other metals were compared. The thermal conductivity 
of lead at ordinary temperatures is believed to be known with as 
high an accuracy as that of any metal. 

The method consists essentially in measuring the axial tempera 
ture gradients in two cylindrical bars, soldered together end to end 
One end of the system is heated, and the other is cooled. The cot 
vex surface of the bars is protected from loss or gain of heat by a 
shield tube. After a steady state of heat flow is attained, the heat 
flux is the same in both bars, and the conductivity at any point 1 
either bar is inversely proportional to the temperature gradient! 
that point. If the absolute value of the conductivity of the meta 
of one bar is known, at some temperature within the experimenta 
range, the conductivity of the other metal can be calculated at a! 
points where the temperature gradient has been measured. 


Fig. 1 is a cross section drawing of the apparatus with tes! 


¢ 


specimens in place. The specimen (A), a round bar 2 centimeters 
in diameter by 15 centimeters in length, is soldered to th 
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C): the “standard” bar (B) also 2 centimeters in diameter 


centimeters in length is soldered to the top of the specimen 
‘rass water chamber (J) is soldered to the top of the standard 
lhe (D) 


shield tube is a chromium-nickel stainless steel 














~ 
PPS 















Centimet 











Fig. 1—Cross Section Drawing of Thermal Conductivity Apparatus. 





















(18-8), the top of which is lap jointed and soldered to the nickel 
tube (E). A small copper water tube (IX) is soldered around the 
top of the nickel tube. The copper block (C) is heated by resistance 
ribbon wound around a thin-walled alundum tube (G) and the shield 
tube (D) is heated at its base, by resistance ribbon wound around 


> porcelain tube (H). A ring-shaped copper block (N), soldered 






















1064 TRANSACTIONS OF THE A. S. S. T. 








to the shield tube at the lap joint between the steel and t! 
is wound with resistance wire on top and bottom throu 
grooves in the block. Tube (D), coils (G) and (H) a 
block (C) rest on a disk-shaped alundum base (L). The 
and base are surrounded by a sheet steel case (I°). The space betwee; 
the bars and shield tube and between the shield tube and case js {| 
with diatomaceous earth to the top of the case. 
Thermocouple 1 was placed between the heating coils (( 
(H) to facilitate adjustment of the supply of heat to the apparatys 
Thermocouples 4, 5, 6, 7 and 8 were attached at points about 
centimeters apart on the specimen (A), by electric weldin; 


peening. The latter method was found to be more practical 














except the hard or brittle metals. Thermocouples 9 and 10 wer 
attached in the same manner to bar (B). Thermocouples 11, 12, 13. 
14 and 15 were attached by peening to the shield tubes direct! 


opposite thermocouples 4, 6, 8, 9 and 10, respectively. 


MATERIALS 


The nonferrous metals on which determinations were mad 
described in Table I, and the irons and steels in Table II. 








Table I 
Previous History of Nonferrous Materials 






Chemical Composition and 


















Specimen 


Material Nil Cr Fe Co Cu Mn Si Al Pb Zn S ( 
Ne Alumel 95 seh, aie 6° See Meee 2.0 1.0 Boe Asa 4aeees 
N.Chromel P 90 Re et ee er Jae et Se alee ea ieee 
N, Chromel A 80 Phas ate’ Aare sealed Rae. een Pie séteh aiaee see tre 
N; Chromel C 61 Sle. hight ane aes Kets agian wed? Sooke cela aac ee 
Ne Chromel 502 34 ee we oreie acer eae cea baa ae Pa ee Rees ores 
N.S. Nickel . ae. Bee aveea G.34 O.00 occas satel aly ee eee 0.014 
N, Nickel OS .94 .. 0.03 6.006 @0:006..... @.OG6 occ ckee Sarees ORS I 
a ae. eee ee, Le eee as ekeeod iy Oe Se Siw 
ee ae ee ah aE Dia a anes erat ah alereuass er eer eT 
*Pouring temperature approximately 2800 degrees Fahr. Cast in 5-inch 
ingots. Ingots heated to 2300 degrees Fahr. and hot-rolled to 15-inch square billets. N 


Ng and Ng billets hot-rolled to 34-inch diameter round bars. Specimens machit 
tested in ‘“‘as rolled’ condition. Chemical compositions ‘‘nominal. 












**Commercial malleable nickel. 
+High purity nickel, melted in Arsem furnace. Furnace cooled. 
t“C.P.” Zinc specimen melted and cast in graphite. Cadmium not detected by 
analysis. 

{Bureau of Standards melting point standard lead. Specimen melted in graphite 
cast in bottom feed cast iron mold. Purity indicated by freezing point of 32 
Cent. Chemical analysis not made. 


1Nickel plus cobalt. 
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THERMAL CONDUCTIVITY OF STEELS 


RESULTS 





he results of the thermal conductivity determinations on the 
materials listed in Tables I and II are shown graphically in Figs. 


inclusive. The value for the thermal conductivity of lead at 





Lead 
0 lead A, lead B 


@ Lelue Accepted 
for lead 








200 500 400 
Temperature, °C. 







Fig. 2—Thermal Conductivity of Lead from 0 to 300 Degrees 
Cent. (570 Degrees Fahr.). 














1 l 


0 degree Cent., 0.352 watts cm™! deg! (International Critical Tables, 
Volume II, page 218) was used as the basis for all values of 
conductivity given in absolute units. 

The change in conductivity of lead with change in temperature 


was determined in the range 60 to 250 degrees Cent. (140 to 480 















ZINC 
n Zinc A, Nicke/ B 
m Nieke/ A,Zinc B 
» Zinc A, lead B 
°o Zinc A, Linc B 





Conductivity , Watts Cm.-"Deg.” 


Q 100 £00. J00 400 500 600 
Temperature , °C. 







Fig. 3—-Thermal Conductivity of Zinc from 25 to 350 Degrees 
Cent. (660 Degrees Fahr.). 
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legrees Fahr.). The results are plotted in Fig. 2. Comparisons 


were also made between lead and zinc, between lead and malleable 
nickel and between zinc and malleable nickel. These comparisons 


; 
IIS Uj yat ry 
) 006 38 pazipeuLion 19] 
your [ pol & 0} UsYyy ‘Sayoul px{ 
0} pelos 10H 1OSUI YOUul-[ 7X] 
ue oO} JUsD SI2I159P Ohl iP 
posnod *[904s yuesy usdo o1seg 
‘po yOBUANY, “Ano0Yy 
I "wWag saaizap OST 0} payReayoy 
dINjes9duI9} WOOT ye 393]7eM UI 
peyouenb saynurmt Qf. “yuay saa18 
0} payeayay p » 1Ie 
pue soynulw QT 10} “JUuay Saa139p 
006 0} 11} Be <q pozipeuiiou 
Ie ugurdads ‘uorjel [19}9p 
9 yeult9yy 9yy ly 
aoeuIn} pue soRUIN} 
oyu Z JO} ‘Ua 
Soda1Z9p 0} peyeoy SBM IPE 
19,JIUTPIP ul YOUul-~'T pos pe [os 
}0Y wot} poeulyorew uswtdede 


“UOTJIPUOD ,§JSBO SB,, BY} UT paj}sa} 
I ue IQ] Ue Ip yout [I'l 1eq }SBO 
pues e wot} peulyoeyy “QORUINI 
SP[G UO} [BIa}RUE plow yosu] 

“UOTyIPUOoD ISBO sv... Uy 
ul Pp2yse} pue I9JJULR yout [I'l 
teq ISBO pues 4 wot} PIUlYoR]Y 
ejodns wolf} [Bliayeul plow yosuy 
<¢ PeT[O4 Sk,, SUIP[OI FO UOTZOIAIp ayy 


Ul peyseL ‘Ic-+8 V “N'L'S'V ‘V 
| Bat) Leg Y Ul-(—°[ Of pelos OH 


peso, ‘req youl-Q"] 0} pay[or oY 
SyIPWIIyY 


\\ 


S]BLIOBW 


jo 


tN 


d uN 


}U9) J9q—wuorjpisoduio,y [eoway: 


AJOVSIL 


SNOIAIIG PUB UOIIsodu0y jRorWwaYyy 
It 94281 


| 99158 [°4 atu MOT 


uot 4ysBy 


uo. }YUSNOTAA 


UO4T YyIeaYy-usdo o1seg 


[PI49} eV 





se 
ey 
— 
— 
~— 
—_ 
~ 
~~ 
| 


Ds 


< 


RMAL 


‘ 


THI 


par 
IPRBUIWIIA; 


U4 


*IOJeM 

»youanb pue jus) §S 
[ 0} poyeeH 1eq punos youl 
y3y1e9 snosovwo}yetp UL pe 
sinoy 8 440} pry “342) 


ccs OF je9H "1eq punol youl i 


-uTWOU uUOTIISOdWIOD [PO 


tu »y )) ‘umouyun A 10st SHnOtA 
td QATOB0041 uauiio9ds peulyoe]y 


‘yuoy saaisap 006 12 pezipeul 
ION “4eq punol youl-[ ® 0} usyy 
*‘soyoul pXp OF peT[ou" *yosul youl 
2xQ OF "yUI) s90i1Z9p O6tl 12 
poinod ‘99RUIN} UOTJONpUl “[-f yc 


‘pajpouuy 
‘1eq punol youl ‘T 0} peor 39H 


‘yuazy saasdop C8 ye poyeouuy 
‘eq punol your] B 0} pa[for ust 
‘sayoul pXp OF passog osu yout 
Qgxg ue 0} U2) saai3ap OOST 3” 
pasnod [993s JOVUIN} D499 IISeY 


*yuay soois9p CPS 32 paljeouuy 
‘req punol your] eB 0} paTjor uayi 
‘sayoul pXp OF passo7+) *yosur yout 
gxg ue 0} “3U9°) soaizop OOST 3 


poainod [923s aoeuiny d11y9I|9 o1seg 


pa’) S90159p $R > QT RI V 


jaays urnueyyy} 


[exer I-uuniu 417) 


‘ 


I 9948 1? tu 


winruloty”) 


[? 4S jexyoru 
wnruo04t4) 


[993s jayxoru 


wuniuo0lty ) 


[294s jayoru 
WINIULO1Y) 


[993s 
jayoru-wIN uO Wy 


[993s payor 
-gsoursuefl 


[293s 
WUNUIUEN[e-WINTUO1Y ) 


[993s wn1uU0149 ystH 


[9938 un 1to0.1y7) 


wurnrure 4) 


Ssueul MO'"T 


yoy 


ory 











1068 TRANSACTIONS OF THE A. S. S. T. 

















Nicke/ 
| n Nickel A,lead B 
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Fig. 4—Thermal Conductivity of Commercially Pure Nickel { 
25 to 600 Degrees Cent. (1110 Degrees Fahr.). 
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Fig. 5—Thermal Conductivity of High Purity Nickel from 
to 550 Degrees Cent. (1020 Degrees Fahr.). 















permitted an estimation of the experimental error. The values 
the thermal conductivity of zinc at various temperatures from 40 
to 330 degrees Cent. (105 to 625 degrees Fahr.) obtained from thes 
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isons are plotted in Fig. 3. The values obtained in a like 
for the thermal conductivity of malleable nickel from 40 to 





orees Cent. (105 to 1110 degrees ahr.) are plotted in kig. 4. 


~ 





esults on the specimen of high purity nickel are shown in 





The results with the nickel alloys are grouped in ig. 6; 






on the irons and low alloy steels, in Fig. 7; those on the high 
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Fig. 6—Thermal Conductivity of Nickel Alloys from 100 to 550 
Degrees Cent. (1020 Degrees Fahr.). 

No—95 per cent Nickel; 2 per cent Aluminum; 2 per cent Man 
ganese; 1 per cent Silicon. 
Ns—90 per cent Nickel; 10 per cent Chromium. 
N,4—80 per cent Nickel; 20 per cent Chromium 
N;—61 per cent Nickel; 16 per cent Chromium; 23 per cent Iron 
Ng—34 per cent Nickel; 10 per cent Chromium; 56 per cent Iron. 










alloy steels in Fig. 8 and on the “18-8” stainless steels in Fig. 9 with 





the exception that the curve for a titanium bearing “18-8” stainless 





steel (specimen A,,) is given in Fig. 8. 





The values represented by the curves in Figs. 2 to 9 are be- 





ueved to be accurate relative to lead to within 2 per cent. The values 






lor lead are probably correct to within 3 per cent. 
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Thermal conductivities in watts cm"! deg" interpolate: 











hundreds of degrees from the experimental results for 
materials tested are listed in Table IIT. 





Table Ill 


Thermal Conductivity in Watts cm deg-', Interpolated from Experimenta! Results 


Degrees Centigrads 























Material 100 200 300 

2.09) Lead 0.332 S285 £# «#4 4aeen 

(2.3.) Zine 1.127 1.088 1.036 

(N.S.) Nickel 0.649 0.599 0.549 

(N,) Nickel 0.828 0.732 0.638 

(No) Alumel 0.296 0.318 0.350 

(Ns) Chromel P 0.190 0.209 0.228 

(N,) Chromel A 0.136 0.154 0.172 ) 
(Ns) Chromel C 6.132 0.147 0.161 0 
(Ng) Chromel 502 0.134 0.149 0.163 

C, Basic open-hearth iron 0.665 0.607 0.549 0 

( W rought iron 0.589 0.543 0.497 

( Cast iron 0.550 0.519 0.488 

C, Cast iron 0.528 0.502 0.476 0 
S Plain carbon steel 0.458 0.435 0.413 0) 
S,0 Same, quenched 0.412 0.408 0.396 
So Low nickel steel 0.445 0.427 0.409 0 
S Low manganese steel 0.402 0.389 0.376 0 
S4 Tungsten steel 0.385 0.371 0.363 0) 
Ss Low chromium steel 0.360 0.358 0.351 

A Chromium steel 0.261 0.262 0.262 ( 
As Chromium steel 0.249 0.259 0.268 
Ag Chromium steel 0.243 0.247 0.252 0) 
Ag High chromium steel 0.209 0.219 0.229 0.2 
As Chromium-aluminum steel 0.177 0.188 0.199 0 
Ag Manganese-nickel steel 0.148 0.160 0.171 0.1 
A; Chromium-nickel steel 0.164 0.177 0.190 0-3 
Ags Chromium-nickel steel 0.163 0.176 0.189 0 
Ag Chromium-nickel steel 0.156 0.172 0.187 0 
Aw Chromium-nickel steel 0.149 0.164 0.178 0.1 
AwA Same—annealed 0.150 0.166 0.181 0.19¢ 
An Chromium-nickel-titanium steel .161 0.176 0.191 0.206 











1] watt cm deg™! 1 watt/(sq.cm.) (deg. C/cm) 0.239 Cal/(sec) (s 


C/cm.). 











1 watt cm- deg- 57.9 Btu/(hr) (sq.ft.) (deg. F/ft.). 





DISCUSSION 


For the pure metals, the irons and low alloy steels, the thermal 












conductivities decreased with increase in temperature. The condu 
tivities of the high alloy steels and of the nickel alloys increased with 
increase in temperature. In general, the thermal conductivities 

all the materials tested were linear functions of the temperature 
within the range of temperature in which measurements were made 
A notable exception is nickel: the change from a negative to : 
positive temperature coefficient of thermal conductivity undoubted 
coincided with the magnetic transformation of the nickel which has 
been reported by various authors to occur at temperatures ranging 
from 340 to 350 degrees Cent. (645 to 660 degrees Fahr.) 
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Fig. 7—Thermal Conductivity of Irons and Low Alloy Steels from 100 to 550 degrees 
t. (1020 Degrees Fahr.). 

( open hearth iron; approximately 99.9 per cent Iron. 

( wrought iron; approximately 99.5 per cent Iron. 






C, and Cy,—Cast irons; approximately 4.0 per cent Carbon and 1.5 per cent Silicon. 
ind S,q@—carbon steel; 0.83 per cent Carbon. 

S.—nickel steel; 0.35 per cent Carbon; 1.37 per cent Nickel; 0.46 per cent Chromium. 
managauese steel; 0.51 per cent Carbon; 1.65 per cent Manganese 

S;—tungsten steel; 0.35 per cent Carbon; 1.04 per cent Tungsten. 

chromium steel; 0.10 per cent Carbon; 5.15 per cent Chromium. 













number of measurements were made on the commercially pure nickel 





specimen N.S. in an attempt to narrow the range at which the change 





in conductivity took place. As shown in Figs. 4 and 5 the change 
in both the commercial nickel and the high purity nickel occurred 
between 350 and 365 degrees Cent. (660 and 690 degrees Fahr.). 

\ small and somewhat indefinite change in the temperature 
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Fig. 8—-Thermal Conductivity of High Alloy Steels from 100 to 600 Degre 
(1110 Degrees Fahr.). 
A,—Chromium steel; 0.08 per cent 
As—Chromium steel; 0.07 per cent 
Az—( 
Aqg—Chromium steel; 0.10 per cent irbon; 26.00 per cent Chromium 
A;—Chromium-aluminum steel, 1.10 per cent Carbon; 1.55 per cent Alu 
12 per cent Chromium. 
Ag—Manganese-nickel steel; 0.7 to 0.8 per cent Carbon; 12 to 13 per cent Mangane 
3.0 per cent Nickel. 

Ay,—Titanium bearing ‘18-8’’ Stainless; 0.07 per cent Carbon; 0.34 
litanium 


arbon; 15.19 per cent Chromium 
arbon; 12.0 per cent Chromium 


C 
Cs 

-hromium steel; 0.14 per cent Carbon; 14.60 per cent Chromium 
es 


l7 


coefficient of thermal conductivity was also found in the nickel alloy 
‘“Alumel” containing 95 per cent nickel (Specimen N,, Fig. 6) 
This change also probably was coincident with the magnetic trans- 
formation of the alloy, although it occurred at a lower temperature 
than for pure nickel. 

The experimental results for zinc as shown in Fig. 3 indicated 
that the conductivity-temperature relation was not represented by 
a straight line. The only other exception to the straight line rela 


tion between conductivity and temperature was the plain car! 
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the quenched condition, Specimen S,g. The change in tem 
e coefficient of thermal conductivity as shown by the curved 
Fig. 7 was undoubtedly caused by the tempering of the speci- 
vhile the tests were in progress. 
Hor the iron alloys, the effect of small differences in composi 
Hon on the thermal conductivity 1s more marked in the alloys con- 
taining a small amount of alloying constituents than in the alloys 
with higher alloy concentrations. 
\n additional and somewhat complicating factor is the nature 
the alloy. For example, the total alloy content of cast iron (C,) 
is greater than the alloy content of the plain carbon steel (S,), but 
the thermal conductivity at 100 degrees Cent. of the cast iron was 
found to be approximately 20 per cent higher than the conductivity 
of the plain carbon steel at the same temperature. The results on 
the plain carbon steel (S, and S,g) show that a heat treatment 
vhich resulted in a change in structural constitution produced an 
appreciable change in conductivity at lower temperatures. 
An unusual “scatter” is noticeable in the plotted points repre 
senting the determinations on the chromium steel (A,, Fig. 8). The 


> 


differences are irregular in character and the most probable explana 


tion is that a structural change in the specimen took place with 
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Fig. 9—Thermal Conductivity of ‘18-8’ Stainless Steels from 100 to 550 Degrees 


(1020 Degrees Fahr.). 

\7-—0.07 per cent Carbon; 9.10 per cent Nickel; 18.6 per cent Chromium 

\s—0.11 per cent Carbon; 9.21 per cent Nickel; 18.5 per cent Chromium. 
\gs—0.24 per cent Carbon; 8.96 per cent Nickel; 19.6 per cent Chromium , 
\io and Ajypa—0.24 per cent Carbon; 7.99 per cent Nickel; 19.6 per cent Chromium. 
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repeated heating in the apparatus. The irregular charac‘ 
“scatter” supports the belief that it cannot be attributed 
mental error. <A typical example of “scatter” evident 
experimental error or to a lack of homogeneity of the 

shown by the points representing the determinations o1 
The results of the first series of determinations at relat 
temperatures are represented by the groups of points nu 
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Fig. 10—Decrease in Thermal Conductivity of Nickel 
at 100 and 500 Degrees Cent. (930 Degrees Fahr.), with 
Increase in Amount of Alloying Elements Aluminum, 
Chromium and Iron. 


2 and 3 (Fig. 8). The results of the second series at relatively high 
temperatures are represented by the groups, 4, 5 and 6. The char- 
acter of the “scatter” is the same for both series, although the 
temperatures were quite different. A more complete investigatior 
over a wider range of temperature is desirable but was not possible 
in the present apparatus. 

The results obtained on the nickel base alloys, “‘alumel and 
chromel,”’ indicated that the thermal conductivity of nickel decreased 
fairly regularly as the total amount of alloying elements added to 
nickel was increased, as shown in Fig. 10, in which conductivities at 
both 100 and 500 degrees Cent. (210 and 930 degrees Fahr.) are plot- 
ted. Likewise, Fig. 11 shows that there was some regularity to the de- 
crease in the conductivity of iron, at both 100 and 500 degrees Cent 
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and 930 degrees Fahr.), as the amount of chromium alloyed 
he iron was increased. 
‘evertheless, the many, and sometimes conflicting, factors make 
ractically impossible to generalize concerning the quantitative 
nship of thermal conductivity and total alloy content of ferrous 
from tests made on a miscellaneous collection of alloys. 


he “18-8” chromium-nickel steels studied represent low carbon 


steels (0.07 to 0.11 per cent carbon) in the annealed condition (A, ) 


) and high carbon steel (0.24 


R 


n the quenched condition (A 


ner cent) in the corresponding conditions, annealed (A,) and 





Thermal Conductivity , Watts Cm.-"Deg.’ 





20 40 
Per Cent Alloy Constituent 





Fig. 11—Decrease in Thermal Conductivity of Iron at 
100 and 500 Degrees Cent. (930 Degrees Fahr.) with In 
crease in Amount of Chromium. 





juenched (A,,). As shown by the curves in Fig. 9, the results on 
the two low carbon steels coincided within the experimental error 
at low temperatures, and very nearly so at higher temperatures. The 
higher carbon specimens showed differences in both thermal con- 
ductivity and temperature coefficient over the whole temperature 
range. A greater difference in composition existed between the two 
high carbon steels than between the two low carbon steels. In order 
to determine whether the differences in thermal conductivity of the 
high carbon steels could be attributed to composition or to previous 
heat treatment, the quenched specimen was annealed and the thermal 
conductivity redetermined. According to the results, the thermal 
conductivity of the re-annealed steel (A,,A) was unchanged at low 
temperature, but at higher temperatures the annealed material had a 
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higher conductivity than the quenched material. It is 1 
and possibly of some significance, that the thermal cond 
the annealed steel was practically the same as that in th 
state, but the temperature coefficient of the re-anneale 
(A,,A) was of the same order of magnitude as that of the 


specimen (A.) of a different composition. 
| 
SUMMARY 


1. An apparatus and method for the determinatio: 
thermal conductivity of metals is described. Results are 
the determinations of thermal conductivities of a number 
over a temperature range between O and 600 degrees Cent 
degrees Fahr.). The materials included the pure metals, lead 


and nickel; a number of commercial nickel-base alloys and twent 


irons and steels selected as typical examples of commercial materials 


used for a variety of purposes and which were known to have cor 
siderably different thermal conductivities. The data on the chromiu 
iron and chromium-nickel-iron alloys are of particular interest becaus: 
of the lack of previous data on the thermal conductivity of “stain 
less”’ steels. 

2. The apparatus was designed for comparative measurement 
and thus eliminated calorimetric or power-input determinations whic! 
are difficult to perform with uniformly high accuracy over a broad 
range of temperature. High purity lead was used, either directly 
indirectly, as the standard with which other metals were compared 

3. The results obtained on the various materials are plotted 
on curves. Thermal conductivities in watts cm’ deg” interpolated 
in increments of temperature of 100 degrees from 100 to 600 degrees 
Cent. (210 to 1110 degrees Fahr.) are tabulated. 

4. For the pure metals, the irons and low alloy steels, 
thermal conductivities decrease with increase in temperature. 1! 
conductivities of the high alloy steels and of the nickel alloys increas 
with increase in temperature. In general, the thermal conductivities 
of all the materials tested are linear functions of the temperatur 
within the range within which measurements were made. A not 
worthy exception is nickel: a sharp change from a negative to 
positive temperature coefficient of thermal conductivity occurs at th 
temperature of the magnetic transformation. 


ha 


5. For the ferrous alloys, an increase in the amount of alloying 
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ents in iron caused, in general, an increase in the temperature 
nt of thermal conductivity. However, the many, and some- 
nflicting, factors concerned make it practically impossible 
eralize concerning the quantitative relationship of thermal 


vity and total alloy content of ferrous metals. 
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ON GRAIN SIZE AND GRAIN GROWTH 








By M. A. 


(GROSSMANN 


Abstract 


The paper records observations of the manner in 
vhich grain size develops mm a carburizing test, and, in 
particular, the relationship of the McQuaid-Ehn carburts 
ng test (usually carried out at 1700 degrees Fahr. for 8 
hours) to the austenite grain sizes which may develop at 
other temperatures or in other lengths of time. 

It was found that when steel is heated to the tem- 
perature at which it transforms to austenite, the resulting 
initial austenite grain size (whatever it may be) remains 
at first unchanged when the heating ts continued, even 
for considerable periods of time. At some higher tem 
perature, grain coarsening sets in, and it was found that 
each different lot of steel has its characteristic coarsening 
temperature. 

Low carbon steels usually coarsen by the process of 
“exaggerated grain growth,” wherein certain grams grow 
to large size, while the balance remain unchanged until 
they too are absorbed. 

In carburizing, the (austenite) grains of the case may 
be larger or smaller than the austenite grains of the core. 

The initial austenite grain size may be influenced by 
heat treatment, and so may affect the results of a Mc- 
Quaid-Ehn test. 








A" YNG the kinds of grain size studied in steels, an important 
one is the austenite grain size of a piece of steel about to be 
quenched (hardened). This relationship between grain size and 
hardening was pointed out by McQuaid and Ehn? and has been elu- 
cidated thoroughly by Bain.? A question of interest now is the 
manner in which different grain sizes arise, and, in particular, the 
influences which cause them to vary. 





‘McQuaid, H. W., and Ehn, E. W., Transactions, American Institute of Mining 
Metallurgical Engineers, Vol. 67, 1922. 













“Bain, E. C., Transactions, American Society for Steel Treating, Vol. 20, November, 
385-428. 





__ A paper presented before the Fifteenth Annual Convention of the society 
held in Detroit, October 2 to 6, 1933. The author, M. A. Grossmann, is re- 
search engineer, Illinois Steel Co., South Chicago, Illinois. Manuscript received 
June 29, 1933. 
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In seeking to determine austenite grain size, the met] 
monly employed is the McQuaid-[hn test. In this test, 
known, the steel is carburized at about 1700 degrees Fahr. 
cooled slowly, with the result that the excess carbide (bey 
eutectoid ) outlines what were the austenite grains in the cai 
region, and so indicates their size. The McQuaid-Ehn grai) 
usually the same throughout one heat (melt) of steel. 

The McQuaid-Ehn test on any particular lot of steel oft 
about the same result, irrespective of any cold work, hot 
heat treatment that may have preceded this test. Indeed, 
quency with which one finds this regularity makes the irregularit; 
the more striking, and seems to warrant an inquiry into the ma 


in which the austenite grains form and grow. 
FORMATION OF AUSTENITE IN THE ABSENCE OF CARBURI 


It is useful to examine first a plain carbon steel of th 
carbon, “carburizing” grade, partly because the influence of ot 
alloys is absent, and partly because (as it happens) the steel exar 
ined here exhibits many of the idiosyncrasies which combine to pr 
duce ““MecQuaid-Ehn grain size.” The steel was taken from a heat 
having the following composition : 


Carbon Manganese Phosphorus Sulphur 


Steel No. 1 0.15 0.44 0.015 0.019 


Specimens were cut from 5 by 5 inch billets which had beet 


rolled from 21-inch diameter ingots. The steel before treatment 


had the customary grains of ferrite and islands of pearlite as show 
in Fig. 1. Given a McQuaid-Ehn test, the steel showed the grain siz 
illustrated in Fig. 2.* Our present question is, then, by what process 
did the low carbon structure of Fig. 1 develop into the high carbot 
structure shown in Fig. 2. 
Consider first the transformation only, that is, the change of 
the structure of Fig. 1 to grains of austenite, prior to the increase 11 
carbon due to carburizing. A study of this change is found to shed 
considerable light on the manner in which McQuaid-Ehn grain siz 
develops. This transformation of the pearlite-ferrite structure | 
When the thickness of the carburized case is not very great or when the 
of the case is large, it may be useful to grind the surface for micro-examinat 
angle of 15 to 30 degrees to the carburized surface instead of the customary c1 


at 90 degrees. This obviously affords a larger area of case for examination, as 
in this instance. 
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austenite may be traced by means of a gradient heating, fol 
quenching. In the present instance, one 6-inch length of 
was placed in a cold furnace, and the furnace heated (over 


ei 
of 1% hours) in such a way that one end of the piece reac] 13} 
degrees Fahr., with progressively higher temperatures along 4 
piece, reaching finally a temperature of 1580 degrees Fahr. at th 
other end of the 6-inch length. A second 6-inch length cover 
higher temperatures up to 1700 degrees Fahr. The pieces were , 


by 1 by 4 inch, and when they reached the temperature range; 
noted they were quenched in oil. It was thus possible to obsery 
the structures from below the critical range, through this range and 
up to the 1700 degrees Fahr. carburizing temperature. 

Up to the lower critical temperature, the structure remained 
unaltered, as in Fig. 1, shown at higher magnification in Fig. 3. At 
a slightly higher temperature, the first change observed was the forma- 
tion of a small grain of austenite here and there within a pearliti 
island, as in Fig. 4. We venture to call it a grain of austenite, ii 
stead of merely a region of austenite, because there is evidence that 
each such area is a single grain. This appears when the grain has 
grown a little further, as in Fig. 5. Here we see a martensitic pat 
tern which extends across the whole of the transformed area, indi 
cating that prior to quenching it had been one single grain of austen- 
ite. Fig. 6 shows a structure found quite commonly at this point, 
including a few of the new austenite grains, some pearlite just 11 
the process of transforming (dark), some untransformed pearlite 
(lighter) and the original ferrite grains as yet unaffected. 

Up to this point the transformation has taken place principally 
in the pearlite regions. At slightly higher temperatures, austenite 
begins to encroach into the ferrite grains, as shown in Fig. 7, and 
proceeds as in Fig. 8, the typical manner of encroachment being in 
dicated by arrows in both figures. Fig. 9 shows some of the newly 
formed austenite grains, as well as some of the original ferrite grains, 
as yet untransformed. Figs. 10 and 11 show how the transforma 
tion proceeds, until the piece is completely transformed to austenite 

The size of what were the austenite grains is indicated by their 
borders, and by the extent of the Widmanstatten patterns. It 1s 
important to note for subsequent consideration that the size of these 
austenite grains (Fig. 11) is not unlike that of the original ierrite 
grains (Fig. 3). 


Having thus traced the manner in which the ferrite-pear!i 
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sa ia = : ean 
Fig. 3—Steel No. 1. Heated Near the Lower Critical Temperature. = 
I ig. 4 Steel No. 1. Heated Near the Lower C1 itical Temperature = 
Fig. 5—Steel No. 1. Heated Near the Lower ( ritical Temperature 7” 








structure of Fig. 1 transforms to austenite, we may turn to oul 
: . - . E ne . ) . ; ; 7 i _ 

chief interest—the size of these grains. Fig. 12 is the structure 
, bel kh ella ni allie 

already shown at higher magnification in Fig. 11, the sample hav 


ing been given a mild (oil) quench trom 1580 degrees Fahr. Fun 
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Heated Above the Lowe: Temperature. 
No. 1. Heated Above the ower Critic: Temperature. 
No. 1. Heated Above the ower Critical Temperature. 


ther, this grain size remained unchanged up to nearly 1700 
Kahr. The structure indicates a grain size of about No. 6 
A. S. T. M. chart. That this was the grain size of the aust 


indicated by the Widmanstatten type of pattern which extends 
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‘ig. 9—Steel No. 1. Heated to the Upper Part of the 
‘ig. 10 Steel No. 1. Heated to the Upper Part of the 
r. 11—Steel No. 1. Heated to the Upper Part of the 


Critical Range 
Critical Range. 
Critical Range. 


1700 degrees 


Since there might be 
No. 6 on some question whether this really indicates the size of the 
ne austenite 1s 


vrains from which this structure was formed 


the way across each of the individual grains 
th 
LLC 


» austenite 
and since many of 
ch extends al the conclusions drawn here hinge on whether the austenite grain size 
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is actually as indicated, two additional devices were em 
seeking to learn the austenite grain size. Examination « 
graphs shown by Bain? indicated that where ferrite precipita 
austenite in an interrupted quench, it precipitated first at 


boundaries of the austenite. This circumstance was empl 


to mark out the size of the austenite grains. The piec 
which had been heated to a temperature of about 1675 degrees 
and whose austenite grain size was sought, was placed for 

3 minutes in a furnace whose temperature was 1400 degrees 

at the end of the 3 minutes, at which time it had just about r 
the temperature of the furnace, the piece was quenched in 
The structure is shown in Fig. 13. In the momentary slow ce 
to 1400 degrees Fahr., some of the ferrite had precipitated in the 
grain boundaries, so that it now outlines the regions which had bee; 
individual grains of austenite, the remainder of each grain now be 
ing martensite (dark). It is seen that the grain size of the austenit 
indicated in this manner is quite like that suggested by the previous 
method, Fig. 12, namely, about size No. 6. The third and perhaps 
most convincing manner of indicating the austenite grain size was a 
new method developed by Miss M. Baeyertz. It consists in suit- 
ably water-quenching the specimen, and subsequently treating the 
polished section with a special picric acid stain. Fig. 14 shows one 
of her photographs of this same steel, the sample having been 
quenched from 1600 degrees Fahr. and treated with the aforemen- 
tioned staining reagent. Its appearance confirms the estimate of 
austenite grain size suggested by the two previous methods. 

The grain size remains unchanged even after a number of hours 
of heating at temperatures as high as 1675 degrees Fahr. Thus 
Figs. 15, 16 and 17 show the austenite grain size after 12 minutes, 
1 hour and 4% hours at 1675 degrees Fahr. 

The grain size, as we have said, persists up to nearly 1/00 de 
grees Fahr. At 1700 degrees Fahr. (in this particular steel) 
change sets in. Fig. 18 shows the structure after heating for 4 
hours at 1700 degrees Fahr. and quenching in oil. It is seen that 
some new large grains have formed, which grow by spreading 
across the small No. 6 grains which were present before. Aiter 6 
hours at 1700 degrees Fahr., perhaps 15 to 20 per cent of the tota! 
volume is occupied by these large grains. If the heating tempera- 
ture (still in the absence of carburizing) is raised to 1800 degrees 
Fahr., the grain growth is much more rapid, so that 20 per cent of 
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lume is occupied by the large grains after only 1! hours, as 


ted in Figs. 19 and 20. Fig. 19 is the usual oil quench and 
») shows the same grain size by the method of ferrite precipi 
If the heating at 1800 degrees Fahr. is continued up to 8 
the large grains will have continued to grow so that at the end 


‘ that time practically the whole structure consists of large (No. 1) 












Fig. 12—Steel No. 1. Heated to 1580 Degrees Fahr. and Ouenched in Oil. 100. 

Fig. 13-——Steel No. 1 Heated to 1675 Degrees Fahr. and Quenched for Ferrit 
Precipitation. 100. 

Fig. 14—Steel No. 1. Heated to 1600 Degrees Fahr. and Quenched in Water 
Special Picric Acid Stain. 100 


















DIFFERENCE IN AUSTENITE GRAIN SIZE AS BETWEEN CASE AND CORE 


We see that about 20 per cent of 
But 


To return now to Fig. 18. 
the structure is coarse-grained and the remainder fine-grained. 
if we compare this with Fig. 2, we see that in the carburised zone 
as much as 80 per cent is coarse and only 20 per cent is fine. This 
is a very marked disparity in grain size between the carburized zone 
and the uncarburized portion,—at this particular temperature, in 
this steel, the austenite grain size in the case is much larger than 
in the core.* 


conside red, 


In considering disparity between case and core, two phenomena must be 
formation ot 


described here and the one described by Bain, who showed that the 
Al.O, during carburizing may cause the case to be finer than the core 
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, 16 and 17-—Steel No. 1. Heated at 
Hours, Respectively, and Quenched. 
5 and 16, Quenched in Oil. Fig. 


We must therefore examine the development of grain si 
the steel as carburized at different temperatures. At low temper 
tures, such as 1600 degrees Fahr., the grain size as carburi 


the same as without carburizing. Figs. 21 and 22 show the austen- 
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in size of core and case when carburized for 4+ hours at 1600 
es Fahr. The grain size in the two is alike and is the same 


as obtained in the uncarburized steel as soon as it was heated 


hove the transformation range. When the carburizing temperature 


raised to 1650 degrees Fahr., however, coarse grains begin t 


levelop in the carburized portion, so that at the end of 8&8 hours the 





18—Steel No. 1. Heated 8 Hours at 1700 Degrees Fahr. and Quenched in 
100, 


structure contains about 15 per cent of coarse grains. If the car- 
burizing temperature is raised to 1675 degrees Fahr. the rate of 
erowth increases, so that at the end of 8&8 hours the carburized zone 
is about half coarse grains, the remainder being still the original 
No. 6 size. It will be recalled that at this temperature the uncar- 
burized steel still consisted wholly of fine grains—no coarsening 
nutes, | had as yet begun in the absence of carburizing. As the carburizing 
temperature is raised, the rate of coarsening increases, so that after 


=a: . S hours at 1725 degrees Fahr., the carburized zone consists almost 
a re OH wholly of No. 1 grains. 
w er. The coarsening in the case as compared with the core may 
rburized 1s therefore be represented in a diagram, as in Fig. 23. The ordinates 
the austen- are the percentage of the total volume occupied by the coarsened 
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Figs and : Steel No. 1. Heated 1% Hours at 1800 Degrees 
Quenched. Fig. 19, Quenched in Oil. Fig. 20, Ferrite Precipitation. x 10 


grains, after 8 hours at the temperatures indicated in the abscissa 


It is seen that formation of coarse grains in the carburized portio! 
occurs at temperatures at least 50 degrees Fahr. lower than 
uncarburized portions. 
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gs. 21 and 22—Core and Case in Steel No. 1. Treated at 1600 Degrees Fahr. 
21, Heated 4 Hours (without carburizing) and Quenched in Oil. & 100. Fig. 22, 
Carburized 4 Hours, Hypereutectoid Zone (sodium picrate etch). x 100. 


GRAIN SIZE OF VARIOUS PLAIN CARBON STEELS 


\side from the above disparity between case and core, we have 
seen that steel No. 1 may be adjudged to be No. 6 or No. 1 grain 
size (by the McQuaid-Ehn test) depending on whether the carbu- 
rizing was carried out below or above the coarsening temperature. 





Obviously, this leads to speculation in regard to the general behavior 
of plain carbon steels, of which Steel No. 1 gave one manifestation. 

A group of eight steels (including Steel No. 1) were theretore 
carburized at a series of temperatures. The compositions of the 
steels are given in Table I. The (austenite) grain sizes as judged 
trom the carburized zones, after carburizing at the various temper- 
atures, are also given in Table I. The carburizing time was in all 
cases 8 hours. 

it will be observed that three of the steels were coarsened at 
a 1/00 degrees Fahr., the remainder being fine-grained. At higher 


portions temperatures, these three steels were of course likewise coarsened. 


Af 


urth steel began to coarsen at 1800 degrees Fahr., and was com- 
plet 


coarsened at 2000 degrees Fahr. A fifth steel showed signs 





1092 TRANSACTIONS OF THE 


of incipient coarsening at 2000 degrees Fahr. The rema 
steels were still fine-grained at 2000 degrees Fahr., the 
being precisely the same after 8 hours at 2000 degrees 


after the same length of time at 1/00 degrees Fahr. © 


Table | 


Grain Size of Low Carbon Steels After Carburization 


Chemical Composition Grain Size After 8 Hr. Car 
P S Si 1700°F. 1800°F. 1900°F. 


85% No. 1 , 
0.015 0.019 0.22 15% No. 6 No. 1 


0.015 0.017 0.16 No. 1 No. 1 
30% No. I 
0.011 0.025 5 No. 6 70% No. 6 
011 0.017 0.28 No.6to No.7 No. 6to No 
0.009 0.014 0.29 No. 5 to No.6 No. 5to Ne 
0.008 0.016 0.22 No. 6 \ 


0.011 0.017 0.21 No. 1 
0.010 0.018 0.24 No. 6to No. 7 No. 6to No. 7 
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Fig. 23—-Extent of Coarsening in Case and Core of Steel No 
burized at Different Temperatures. 


to the important conclusion, then, that at temperatures at 
coarsening (exaggerated grain growth) takes place, the ti 
temperature of carburizing affect the results; but in the temperatu! 
range where exaggerated grain growth fails to take place 
not infrequently extends up to 2000 degrees Fahr.), the st 
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s. 24 and 25—Steel No. 9. Fig. 24, As-received. Fi; 5, Carburized 8 Hours 
Degrees Fahr., Hypereutectoid Zone (sodium picrate etch). X 100. 


1 


be carburized at any temperature and for any length of time, and 


the grain size will remain precisely the same, namely, at the size 


rmed when the steel first transformed to austenite upon heating. 
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Ke FFECT OF HEAT TREATMENT ON GRAIN Siz! 


We have seen in the above examples that, during 
up to the carburizing temperature, a steel transforms t 
of a certain (small) grain size, and that it maintains this 
for an indefinite length of time at any temperature up to 
perature at which exaggerated grain growth sets in. We | 
yet, however, studied any factors which affect this initial 
grain size. 

Consider an instance of carburization where no exaggerated 


grain growth took place, that is, a steel which when carburized 
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Fig. 26—Steel No. 9. Heated to 1700 Degrees Fahr., Held 1 Hour, Cor 
Ferrite Precipitation and Quenched. X 100. (Because of the banding, the steel was co 
on a gradient to precipitate ferrite in the different bands before quenching. Hence the 
composite picture.) 
1700 degrees Fahr. behaved as did plain carbon steel No. | when 
carburized at 1600 degrees Fahr. An instructive example was found 
. - . ca YT c e ali avrning 
in a heat of nickel-molybdenum steel (Steel No. 9) of the following 
cc ymposition — 
Carbon Mang. Phos. Sulphur Silicon Nickel Molyb. Chrom 
0.17 0.51 0.007 0.004 0.22 1.68 0.23 v 


The steel was in the form of 5 by 5-inch billet rolled trom : 


21-inch diameter ingot. The steel before carburizing had the struc- 
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is gerated 


1 when 


as found 
27, 28 and 29—Steel No. 9. Carburized at 1700 Degrees Fahr. for 1 Hour, 


et . at 
OLOWIIIE s and 6 Hours, Respectively. Hypereutectoid Zone. X 100. 


{ Fig. 24, and when given a McQuaid-Ehn test showed a grain 
n the hypereutectoid zone of about No. 5, as shown in Fig. 25 
lium picrate etch). 


this steel is heated to 1700 degrees Fahr. without carburiz- 


austenite grain size may in this case likewise be determined 
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by the method of ferrite precipitation, as outlined above. 

ture obtained is shown in Fig. 26, and is seen to exhil 
size of about No. 5. We find here then a case similar t 
degrees Fahr. carburizing of steel No. 1, in that the ay 
the case has the same grain size as the austenite of the 
may again be noted that the grain size was established at { 


ning of the carburizing period, and was maintained sul 


LUST 





Steel No. 9. Carburized 8 Hours at 2150 Degrees Fahr. Hypereutectoid 
100. 
Figs. 27, 28 and 29 show the hypereutectoid grain size after carbu 
rizing for 1 hour, 3 hours and 6 hours respectively. It is evident 
that the grain size established in the core determines the grain siz 
in the carburized region. 

This steel No. 9 was likewise explored to discover the temper 
ature at which exaggerated grain growth took place. At 1900 and 
at 2100 degrees Fahr. it still displayed grain size No. 5, as in F 
25, but at 2150 degrees Fahr. it underwent substantial coarsening, 
as shown in Fig. 30. 

Now as to the initial austenite grain size. Reference has al 
ready been made to the fact that McQuaid-Ehn grain size is oitet 
independent of prior heat treatment, but that there are exceptions 
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Fig. 31—Steel No. 9 Heated to 1600 Degrees Fahr. and Cooled in Air, then 


rburized 8 Hours at 1700 Degrees Fahr. Fig. 32, The Same, Before the Carburizing 
100 


to this behavior. Steel No. 9 is one of these exceptions. The cir- 
cumstance which led to the present inquiry was the observation 
that the McQuaid-Ehn grain size of this steel after normalizing was 
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smaller than was obtained if the normalizing was omitt 








piece of steel No. 9 was heated to 1600 degrees Fahr. an 
air, before carburizing, the subsequent McQuaid-Ehn 
after carburizing was as shown in Fig. 31, (sodium pic: 





i. e., about No. 9. This compares with size No. 5, already 


5 


Fig. 25, when the steel from the slowly cooled billet was . 














directly (without intervening heat treatment). 

In seeking a cause for this behavior, it was edifying to 
the structures which existed in the pieces before carburizii Th 
structure of the normalized piece (prior to carburizing ) show) 
in Fig. 32, and it is quite striking that the ferrite grains are smal] 
when compared with the sample which was not normalized, Fi, 


~ 


24. That is, the steel with the smaller ferrite grains before carhy 





rizing gave the smaller subsequent McQuaid-Ehn grain siz \; 
obvious next step was to ascertain if there was any regularity 

this relationship. For this it would be necessary to prepare th 
steel so that samples would have a series of different ferrite grai) 
sizes, and then examine the McQuaid-Ehn grain sizes when thes: 
samples had been carburized. The series of ferrite grain sizes was 


obtained by heating samples from the original billet as follows: 










16-N Heated to 1600 degrees Fahr. and cooled in air. 




















17-1 Heated to 1700 degrees Fahr. and cooled in air. 3 
17-2. Heated to 1700 degrees Fahr., cooled in 3-inch box in air, \' 
17-3. Heated to 1700 degrees Fahr., normal furnace cooling. be 
17-4 Heated to 1700 degrees Fahr., delayed furnace cooling. \% 
19 Heated to 1900 degrees Fahr., cooled with furnace. \3 
21 Heated to 2100 degrees Fahr., cooled with furnace. i 
23 Heated to 2300 degrees Fahr., cooled with furnace. \§ 
15 Heated to within critical range, cooled in air. |" 
Original billet. 


These pieces were thereupon carburized, and when the samples 
were then placed in the order of decreasing McQuaid-[hn gra 


size, they were found to be arranged as follows: 











1, 15, 23, 21, 17-4, 19, 17-3, 17-2, 17-1, 16-N. 









This was almost precisely in the order of decreasing ferrite grat 










1 


size before carburizing, as will be seen by examining Figs. 33 to 4! 
At the left in each case is the structure before carburizing, and at 
the right is the structure in the hypereutectoid zone after carburiz- 
ing. It will be observed that as the prior ferrite grain size cl 





°H. C. T. Han showed that when the hypereutectoid grains are small, the 
is observed much more clearly if the etching is done with sodium picrate, 
graphs are his. 
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Steel No. 9. Uncarburized and Carburized. The Samples had 
i Fig. 34, Heated 
100. 


Figs. 33, 34 and 35 
llowing Treatments Prior to Carburizingz Fig. 33, No Treatment; 
Within the Critical Range; Fig. 35, Heated to 2300 Degrees Fahr. 


from No, 4 to No. 8, the subsequent McQuaid-Ehn grain size 
changed from No. 5 to No. 9. 

One seems warranted in concluding, therefore, that in some 
steels the McQuaid-Ehn grain size is influenced by any prior heat 
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Figs. 36, 37 and 38—Steel No. 9. Uncarburized and Carburized. The Samples 
had the Following Treatments Prior to Carburizing: Fig. 36, Heated to 2100 Degre 
Fahr.; Fig. 37 Heated to 1700 Degrees Fahr. and Cooled 100 Degrees Fahr. per Hou 
Fig. 38, Heated to 1900 Degrees Fahr. > i100. 


treatment which changes the ferrite grain size. And, at the same 
time, this suggests a reason why cold work sometimes leads to a 


finer McQuaid-Ehn grain size; obviously, it may break up larger 


ferrite grains and lead to a smaller initial ferrite grain size. 
Attention may now again be directed to the fact that this rela- 
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Figs. 39, 40 and 41—Steel No. 9. Uncarburized and Carburized. The Samples 
had the Following Treatments Prior to Carburizing: Fig. 39, Heated to 1700 Degrees 
Fahr. and Cooled 250 Degrees Fahr. per Hour; Fig. 40, Heated to 1700 Degrees Fahr. 
and Cooled in Air; Fig. 41, Heated to 1600 Degrees Fahr. and Cooled in Air. 
tionship (between prior ferrite and subsequent austenite) exists 
here in the absence of exaggerated grain growth. One may well 
ask what happens when exaggerated grain growth takes place. Hence 
it is appropriate to record an early experiment by L. Schapiro,® who 


‘Hitherto unpublished. 
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Figs. 42 and 43—Steel No. 9. Carburized 8 Hours : 50 Degrees 
42, No Treatment Before Carburizing. Fig. 43, Heated to 1600 


Degrees 
Cooled in Air Before Carburizing. < 100. 


was seeking an answer to this same question. He carburiz 


ples of this same steel No. 9 at 2150 degrees Fahr. for & 
One sample 


was original billet, having the structure of F'; 


~ 
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Face 





Fig. 44—Steel No. 10. (Carbon 0.40, Manganese 0.72, Silicon 0.21, Nickel 


hromium 0.59 Per Cent) Carburized 8 Heurs at 1700 Degrees Fahr. x 100 


the other had been normalized, its structure being as in Fig. 32. 
The 2150 degrees Fahr. carburizing resulted in the structures of 
Figs. 42 and 43. It is evident that exaggerated grain growth has 
taken place in both samples, resulting, in both cases, in a prepon- 
derance of No. 1 grains, with a few of the smaller grains still un- 
absorbed. And this, of course, raises a question which is yet to be 
answered: Are the steels whose McQuaid-Ehn grain size is inde- 
pendent of prior treatment, the ones in which exaggerated grain 
growth takes place in carburizing at 1700 degrees Fahr.? 


MIxep GRAIN SIZE 


In some steels, such as Steel No. 1 above, practically complete 
coarsening takes place in 8 hours at 1700 degrees Fahr., so that the 
grains exhibit substantially a uniform No. 1 size. In other steels, 


ds 


17 
SUA 


as Steel No. 9, no coarsening whatever takes place at 1700 
(egrees Fahr., and a McQuaid-Ehn test results in a uniform fine 
‘ain size. But there are some steels for which 1700 degrees Fahr. 
arently just the temperature at which exaggerated grain growth 

In such steels, grains begin to grow at isolated regions 
chout the steel, and continue to grow but slowly during the 
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whole course of the 8-hour carburizing period. The 
structure which has sometimes been termed “mixed 
as illustrated in Fig. 44. The latter is from a carburi 
of chromium-nickel steel, of approximately S.A.E. 3135 
tion. Fig. 44 is distinctly reminiscent of Fig. 18, and th 


ship is quite evident. The growth proceeds slowly, henc 


steel of Fig. 44 has been carburized at 1700 degrees Fah: 
one hour, the exaggerated grains are still rather small 
other hand, if the heating is continued beyond 8 hours, 
continue to grow, eventually covering the whole piece. TT 
then, if it were carburized at 1700 degrees Fahr. for orn 
would exhibit a grain size of about No. 6 or No. 7, and if the ea 
burizing were continued up to say 20 hours, the grain size wou! 


be No. 1. 


CONCLUSIONS 


In a carburizing test (McQuaid-Ehn test) for austenite graiy 


size, the steel initially (during the heating-up in the carburizin 


pot) undergoes its transformation to austenite and in so doing comes 
to a certain (small) austenite grain size, usually in the rang 
No. 5 to No. &. 

The temperature of the piece, of course, continues to rise ther 
after, up to the carburizing temperature. [Every steel has a coars 
ening temperature which, if exceeded, causes coarse grains ( No 
to No. 2) to form. If the carburizing temperature is above th 
coarsening temperature, the final carburized piece will consist partly 
or wholly of coarse grains. But if the carburizing temperature is 
at any temperature below the coarsening temperature (and the lat 
ter may be high, even above 2000 or 2100 degrees Fahr.) then the 
austenite grain size will remain unchanged, precisely what it was 
when the steel first transformed to austenite upon heating. 

In some steels this initial austenite grain size is related to prior 
ferrite grain size and is in these cases affected by prior heat treat 
ment. 
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DISCUSSITON—GRAIN GROWTH 


DISCUSSION 


Written Discussion: By Samuel Epstein, metallurgist, Battelle Memorial 
stit Columbus, Ohio. 
\etallographers who examine both the case and core in making the Mc- 
hn test have noticed that a fine-grained case after carburizing is usually 
mpanied by a fine-grained core. Dr. Grossmann has strikingly demon 
trated that the reason for this must be that during carburizing the austenite 
ns grow to about the same size in the high carbon case as in the low 
rhon core. The grain growth here is apparently largely independent of the 
content. Thus the advantage of carburizing (over merely heating for a 
time to a similar temperature) in determining the grain growth char 
istics of a steel, is only that after carburizing the grain size can be more 
adily recognized by the outlines of the cementite grain boundary network. 
Structural steel in the as-rolled condition ordinarily does not indicate 
vhether it is of the coarse or fine-grained type, i. e., in the as-rolled condition 


th types have about the same grain size. The explanation probably is that 


the usual rolling temperature is high enough to develop an equally coarse grain 


both types of steel. The grain size may be reduced during the rolling, but 
both the coarse and fine-grained types end up with about the same medium 
sized grain. 

In this connection Dr. Grossmann’s observation that some of his_ fine 
srained steels showed no grain growth even after carburizing at so high a tem- 

rature as 2100 degrees Fahr. is of decided interest. It would indicate that if 
the heating temperature for rolling such a fine-grained type of steel were kept 
vithin this range (possibly this temperature could even be somewhat higher, 

according to the data in this paper, the temperature at which coarse grain 
resulted on heating alone was about 50 degrees Fahr. higher than on carbu- 
rizing) the steel would not become coarse-grained on heating for rolling and 
would consequently be fine-grained directly after rolling. Such a steel would, 
therefore, have the fine grain and the accompanying properties of fine grain, 
which are now only obtainable by normalizing. 

Indeed, the coarse-grained type of steel may not become sufficiently fine- 
grained in the sense of showing the properties of the fine-grained type of 
steels, even after normalizing, although these properties might perhaps be ap- 
proximated if the normalizing temperature were held very closely above the 
critical temperature—more closely, probably, than would be commercially 
practicable. 

The characteristic properties of the fine-grained steels, as tested after 
normalizing, are high yield point, high impact resistance, and low suscepti- 
ility to embrittlement after cold work. The last property, which has been 
ermed “non-aging,” has only been studied recently, but the fact that the core 
| the fine-grained steels after carburizing shows much better impact resistance 
han the core of the coarse-grained steels after carburizing has been known 
for some time. 

In regard to the manner in which the different grain sizes arise, Gross- 
mann has shown that the grain size on carburizing at 1700 degrees Fahr. is 
ed somewhat by the grain size of the steel before carburizing. While 
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this is of undoubted interest in respect to the general laws of re 
and grain growth in iron and steel on heating through the critica] ; 
not appear to get at the root of the cause of fine and coarse-gr 
Thus, if a very coarse-grained type of steel had been chosen for ¢] 
ments, such as the one designated No. 2, the relation between o 
fore and after carburizing would not have been revealed, at least 
same carburizing temperature of 1700 degrees Fahr. It would see; 
part played by the grain size of the steel before carburizing in caus) 
ness or fineness of grain is almost as much a secondary or minor n 
part played by cold work, which is mentioned and which is obvious] 
consequence. 

There is now hardly any question that the principal cause of 
and fine-grained types of steels is the presence of finely divided refra 
ticles which may act as nuclei for solidification and recrystallizatio 
obstructants to grain growth. Finely divided alumina in the steel is 
the most usual cause of fine grain. Various steel manufacturers hay 
they can control the grain size characteristics of their steel. This 
accomplished by the proper use of aluminum or similar drastic d 
resulting in the formation of refractory particles insoluble in th 
hence unable to coalesce in the range of carburizing temperatures o1 

The control of the behavior of such deoxidizers should result 
of the whole class of phenomena associated with the terms “body” and 
in steel. That such control may produce some worth while results is 
by the properties of Izett steel, which is a fine-grained type of steel, cont 
about 0.05 per cent aluminum, but which is yet relatively free of larg 


mina inclusions or segregates. This opens up a very large subject 


above is sufficient to emphasize that in discussing “the manner in whicl 
sizes arise, and in particular, the influences which cause them to var 
all important factor of the presence of finely dispersed inclusions cannot 
omitted. 

As a minor correction, it should be stated that etching with picri 
to reveal the grain boundaries in martensitic steel is not new, as this procedur 
was described a good many years ago by Archer. 

Written Discussion: 3y E. C. Bain, Research Laboratory, | 
Corporation, Kearny, New Jersey. 

I would like to call attention to the value of Dr. Grossmann’s picture 
the formation of the austenite grains upon heating. He has shown how 
nucleus forms within a pearlite island, and obviously the more numerous thi 
pearlite islands, the more numerous the nuclei. We believe, however, that 
this mechanism applies principally to the very low carbon steels. In this con 
nection I would like to present a few illustrations depicting the process of grail 
formation in S.A.E. 1045 steel, which is outside the strict scope of Dr. Gros 
mann’s paper. I hasten to say, however, that in determining the two critical 
points by microscopic methods on a large number of steels, we have neve! 
an example which did not in principle follow Grossmann’s scheme. His theor 
postulates the initial formation of moderately fine grains and the sul 
union of a number of these small grains to form larger grains. He 
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growth very appropriately by expressing it in terms of the percentage 
rains and of coarse grains. We believe that the vast majority of steels, 
aps all of the low carbon steels, follow this pattern, though all steel 


do SO. 


were particularly interested in Dr. Grossmann’s finding that grain 

luring carburization can proceed at a lower temperature or at a greater 

the case than in the core. This seems to be one aspect of a general 

it if the pack carburizing can in any way reduce the resistance to grain 

vth. then the case must acquire a larger grain size than the core. On the 

ther hand, if case carburizing, which is really carburization by carbon monox- 

increase the resistance to grain growth, then the case must acquire a 

er grain size than the core. Many steels have essentially the same grain 
ize in both case and core. 

\ certain sample of S.A.E. 1045, plain carbon steel, which originally had 

erain size of about No. 5, was normalized at the lowest possible temperature, 

470 degrees Fahr. (800 degrees Cent.), thereby acquiring a grain size of No. 7 

; shown in Fig. 1 of this discussion. Normalizing this steel at 1740 degrees 

thr. (950 degrees Cent.) produced the microstructure shown in Fig. 2. In 

is case about 25 per cent of the material consisted of a No. 1 grain size, and 

75 per cent of No. 6 and No. 7. This is in line with the customary mechanism 

shown by Dr. Grossmann. Normalizing at the unusually high temperature 


1920 degrees Fahr. (1050 degrees Cent.) produced an abnormally coarse 


structure, as shown in 


i 
erains of No. 2 or No. 3. 


ig. 3, consisting largely of No. 1 grains with a few 


We have never seen an example in which the correlation between austenitic 
rain size and depth of hardening did not hold; namely, that the coarser the 
ustenitic grain size of a given composition, the deeper the hardening. In other 
words, coarse grains are equivalent in effect to a deep hardening element such 
is manganese. Three bars, in which we had established a variety of austenitic 
erain sizes (existing at room temperature, of course, as pearlite grains nicely 
marked out with a ferrite network) were studied under identical hardening 

nditions, i.e., as quenched from a common temperature of 1490 degrees Fahr. 
810 degrees Cent.). Fig. 4 shows how the conditions set up in the three nor- 
malizing treatments are reflected in the hardening behavior. We artificially 
reated three grain size conditions, and it is evident that the coarsened steel 
irdened considerably more deeply. This chart is simply a succession of Rock- 
vell readings across a number of diameters on l-inch rounds, all of the Rock- 
well readings on the same concentric circle being averaged. The shallow hard- 
ening steel is the one which, as normalized, had the smallest grain size; the 
Idle curve represents the steel with the mixed grain size, as normalized; 
e deepest hardening steel is the one which had the coarsest grain size 

normalized. The grain sizes established in the quenching operation are 
hown on the chart. 


+} 


Carburizing these three bars gives us a slightly different grain size con- 
dition. The coarsened steel, normalized at 1920 degrees Fahr. (1050 degrees 
produces the most normal appearance in pack carburizing, but the grain 
the core does not follow the rule that we have heard this morning. We 


Lent 


517% 








Fig. 1—S.A.E. 1045 Steel Normalized at 1470 Degrees Fahr. (800 Degrees 
Grain Size 7. 300. 

Fig. 2—-S.A.E. 1045 Steel Normalized at 1740 Degrees Fahr. (950 Degre 
Grain Size, 2: »r Cent 1 and 75 Per Cent 6. 

Fig. 3—S.A.E. 1045 Steel Normalized at 1920 Degrees Fahr. (1050 Degree 
Grain Size 1 to 
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is to be a case in which a large area of pearlite in the steel is somehow 
f forming not one nucleus, but several nuclei for the formation of the 
grains on heating. The rule, therefore, appears not to hold always 
large areas of pearlite in which the austenite nuclei may form, and 


it does not hold with higher carbon contents. The carburizing 


Poor 
Li €20 


Maamnt sors TQQON0F 
NOTMIGHZEU 7920 F< GS. O- 


Medium 
Normslized 1740F, C.§. 8-7 

Ss //ow 
Normslized 1470F,, CS. 7 


Rockwell C Hardness 


Fig. 4—-Hardenability of S.A.E. 1045 Steel as Brine-Quenched 
from 1490 Degrees Fahr. (810 Degrees Cent.) after Previous 
Normalizing Treatments as Indicated. 





treatment produced a mixture of 85 per cent No. 1 and 15 per cent No. 5 
grains in the core of the steel which originally had the finest grain size (No. 7) 
is normalized. The steel of mixed grain size, as normalized, in carburizing 
acquired a core composed of 70 per cent No. 1 and 30 per cent No. 5, whereas 
the coarsest steel, as normalized, after carburizing had a core of uniform 
No. 5 grains. 


While we believe that the majority of steels, and particularly the low carbon 


carburizing steels, exhibit the pattern of behavior described by Dr. Grossmann 


in which heating develops either fine grains or a mixture of fine and coarse 
grains, it is also quite possible with some steels to obtain with increasing tem- 
ature a series of grain sizes which varies from fine to coarse rather uni- 
throughout each piece in the series. The hardenability of such a series 


is shown in Fig. 5 which depicts the depth of hardening in a 0.74 per cent car- 
bon steel as quenched from the indicated temperature. Heated at 1375 degrees 
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Carbon 0.74 
Mangenese 0.41 
Silicon 0.14 


Rockwell C Hardness 


— One Inch Diameter 
JS 
Fig. 5—-Hardenabiiity of 0.74 Per Cent Carbon 
Steel as Influenced by Austenite Grain Size Brine 


Quenched from the Indicated Series of Tempera 
tures. 


Kahr. (745 degrees Cent.) the material developed uniform No. 5; heated 
1450 degrees Fahr. (785 degrees Cent.) it developed fairly uniform No 
heated at 1575 degrees Fahr. (855 degrees Cent.) it produced a mixtur 
No. 3 and No. 5; at 1700 degrees Fahr. (925 degrees Cent.) it was 
all No. 3; at 1800 degrees Fahr. (980 degrees Cent.) it consisted of 
all No. 2. This is an example of a steel which, with higher and higher ten 
perature, really takes on a definite uniform grain size at each temperatu 
As is clearly evident from the curves, the fine grains result in shallow 


ing, while the coarse grains produce deep hardening. 


Author’s Closure 


The author appreciates greatly the discussion by Mr. Epstein and that 
Mr. Bain, and would like to say a few words in reply. 
In Mr. Epstein’s discussion, his point about grain growth during 


seems particularly worthy of emphasis. The thought should indeed be extend 


to forging operations as well, for it is becoming more and more evident 
actual grain size is the important factor, and that it may be affected by 
of the operations to which steel is subjected. 

As to our not discussing the effect of fine particles, we must 
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paper has nothing to do with inherent grain sizes, but only with the 
sms of grain growth and variation (within the same steel). \lso, we 
il conversant with R. S. Archer’s excellent paper of some years ago 
ise of picric acid, and it is no detraction of that paper to remark that 
hod did not work on these steels. 
ore proceeding to Mr. Bain’s stimulating discussion, we must acknowl 
probable error, pointed out in a private communication by Mr. Bain 
Davenport. We described the dark constituent in Fig. 6 as “pearlite 
the process of transforming,” whereas they point out that it was prob 
low-concentration austenite which has transformed to pearlite in cooling 
Mr. Bain’s Fig. 4, it is interesting that these pearlitic steels showed a 
size inheritance analogous to that in the steels which consisted largely of 


The mechanism of transformations must be slightly different, because 


‘ the presence here of cementite, and yet the ultimate relationship is similar. 
0 60M ; 


mese 0.41 [ : gt ; a 
n 0.1a cteels to give the finest structures after carburizing, constitutes an additional 


he interesting reversal of grain size, in which Mr. Bain showed the coarsest 


em. We believe this to be due to still another mechanism, which has its 
nterpart in low-carbon steels, and on which it will be tteresting to seek 


her elucidation. 
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ON THE DESIGN AND CONSTRUCTION OF A PRECisio\ 
HIGH POWER METALLOGRAPHIC APPARATUS 


By Francis F. Lucas 


Abstract 






A new metallographic apparatus of advanced d 
is described. It was planned to make this microsco} 
perfect mechanically as possible and to incorporate 

design the most efficient optical systems that could b. 
vised. Its resolving power is of the highest order 
visible light. Crisp, brilliant images are secured at 
nifications of 4000 to 6000 diameters. The specimen 
be illuminated with monochromatic light, a narrow bai 
or a broad filtered band of light from any region of 

visible spectrum. 





IN years ago it was my privilege to present before this societ 
a paper on high power photomicrography of metallurgical spe 
mens. The following year, 1924, at the annual meeting of the so 
held in Boston, another paper was presented on the microstructu 
of austenite and martensite. In these two papers there was descrily 


the extension of the useful range of the microscope from 


hundred diameters to a few thousand diameters. It is perhaps 










appropriate after a decade’s work in this particular branch of scie 
to record again in the TRANSACTIONS of this society some furth 
developments and improvements in apparatus which will enable tl 
metallographer to reveal the minute details of metal structures wit 
creater exactitude. 

One might assume that to extend the range of the microscop 
radical and revolutionary changes in optics and principles woul 


be required. This is probably more nearly true today than it was 











ten years ago. The development of high power metallography « 
pended upon the fact that the available optics were not being us 
efficiently. Since the development of the apochromatic objectives o! 
Abbe which occurred in 1886, science has had available an optica! 
system capable of resolving about 140,000 lines per inch. ‘That 









A paper presented before the Fifteenth Annual Convention of the 
Detroit, October 2 to 6, 1933. The author, Francis F. Lucas, is associated wit 
the Bell Telephone Laboratories, Inc., New York City. Manuscript 
July 27, 1933. 
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if a ruling having 140,000 uniformly engraved and spaced 
ere photographed under favorable conditions with these opti- 
ts of N.A. 1.40, the lines should be resolved as individuals 
ch line clearly separated from its neighbors. There are but 


el] 


recognized ways of improving resolution. To resolve a 
number of lines with equal brilliancy and sharpness of defint- 
ther the numerical aperture of the objective must be increased 
wavelength of the light used to photograph the specimen must 
lecreased. This very brief resume will suffice for the purpose 
Chose who are interested will find more complete discussions 
here. 
\ll of these factors were well known and recognized years ago. 
ikewise it was known that the optical and associated parts of a 
tomicrographic apparatus must be solidly assembled to be free 
rom vibratory disturbances or at least 1t must vibrate as a unit; the 
ponent parts of the apparatus must not vibrate independently. 
lurgical spe Exact optical alignment of the parts was also recognized as nec- 
of the societ CSbar 
eraekrrrtyn lt is a relatively simple matter to desien a photomicrographic 
was des mm ipparatus which will yield good results at 1ow magnification. As 
leon a ti the magnification is increased the difhculties mount. Longer ex- 
t is ether: posures are required for higher magnifications unless more sensi- 
sll aati tive plates can be procured. 
some further In 1927, the design of an advanced metallographic microscope 
tt pnakie 11 became of interest. The plan was to make this microscope as nearly 
ructures wit! perfect mechanically as possible and to incorporate in the design 
the most efficient optical systems that could be devised. The plans 
+ eakeneron, were taken to Germany and discussed with the scientific staff of Carl 
ciples wou Zeiss, Jena, where aid was sought in the final design and construc- 


il sare tion. ‘The commission was accepted and work was started late in 
lography d 1927. The actual design and construction of the apparatus required 


ee approximately four years, during which time close consultation with 


objectives of the makers was maintained. 


le an optical (he apparatus is an experimental one because the final answer 
ae at ic could not be foretold on certain features of the design. Actually 
working with the apparatus constituted the final test. The equip- 
a the et ment was delivered in New York in May, 1931, and by late sum- 
ssociated Ww! 


script receiv ner was installed in a laboratory especialiy prepared to receive it. 
details of the installation and of the iaboratory will be de- 
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scribed, since they may be of interest in connection with th 
ment of photomicrographic laboratories in general. 

About the time this apparatus was being designed, 
Company announced a new system of apochromatic object 
rected for infinity tube-length rather than for a fixed tul 
of 190 millimeters, as had been customary practice with th 
pany. These objectives, it was believed, would yield bette: 
for reasons which will be given later. Experimental evidence 
desired, since all of our work had been accomplished \ 
objectives corrected for 190-millimeter tube-length. If th 
type objectives were abandoned and the apparatus design 
for the new infinity objectives, there would be no basis { 


Lo 


parison. For this reason, the microscope was designed to take eit! 


the 
type. Experience with the apparatus seems to have demonstrate 
conclusively that the infinity corrected objectives are superior in t! 

photographic results which they yield and these objectives are noy 
being used exclusively. For this reason a description of the arrangs 

ment of the apparatus for the objectives corrected for 190-millimete: 
tube-length will not be included. 

In other publications’: * it has been shown that the color of th 
light which is used to photograph a given metallurgical specime 
may have a very important bearing on the detail revealed in the ph 
tograph, due to the selective absorption of the light by the different 
constituents in the metal specimens. Experimental evidence has 
substantiated the conclusion reached years ago that a decrease 
the wavelength of light used is a potential factor in increasin; 
resolution. It has been demonstrated that a given detail phot 
graphed with blue light will appear somewhat sharper than with 
red or green light. If selective absorption enters into the problen 
it will be manifested when the color of the light is changed. 

Selective absorption plays a part because contrast is accentuated 
or diminished. If a constituent absorbs blue light and the back 
ground reflects it, the short wavelength not only increases resolution 
but also promotes contrast. However, if the constituent absorbs 
red light and both the background and the constituent reflect blu 
light, better photographic results may actually be achieved by using 
red light in preference to blue. 


IF. F. Lucas, “On the Art of Metallography,’’ Mining and Metallurgy, May 


F. F. Lucas, ‘‘Advances in Microscopy,’’ Proceedings, Zurich Congress, Int 
Association Testing Materials, September, 1931. 
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e designation, “lines-per-inch,” as a measure for resolution 

very fortunate one because few specimens exhibit a uniform 

ement and spacing of detail. Perhaps the nearest approach 

the age hardening (or softening) phenomenon of metals in 

a hard constituent is precipitated from the matrix in a very 

article size—so fine that we see millions of particles only as 

loud. These particles under suitable treatment may be imduced 

‘) coalesce and to grow in size so that they may easily be recognized 

| powers as single particles. The utmost in resolving power 
is required to reveal the very fine particles. 

When a filter is spoken of as transmitting a certain dominant 

velength, it is meant that the light which it transmits is maximum 

take eithe at the dominant wavelength. The filters ordinarily used in metal 

monstrate lography transmit “zones” in the spectrum. For example, a filter 

rior in tl may transmit blue light from 4000 to 5000 A.U., but its dominant 

vavelength may be 4500 A.U. So in photographing with filters, 

le arrangs one does not use single wavelengths of light or a limited group of 

-millimetey vavelengths, but a broad band of wavelengths the intensities of 

which may gradually increase from zero to a maximum and then 

lor of th decrease again to zero. Keeping in mind that the very best apochro- 

specime matic objectives are only an approximation at bringing all of the 

n the ph different wavelengths to a common focus, it becomes apparent that 

e different in a precision metallographic apparatus means should be available 

dence has for accurately controlling the wavelength of the light. If it is 

ecrease iI desired to work with light of a given wavelength, it should be 


increasing possible to exclude all other wavelengths. In theory, at least, the ob- 


ail photo jective should be able to function better if all wavelengths other than 

than with the particular ones desired are excluded. A further advance in this 

e problen direction would be to have, instead of apochromats, “monochromiats, 

i.e., an objective with very fine spherical correction for a given wave- 

-centuate length of the spectrum. When used with the particular wave- 

the back leneth for which it was corrected the definition should be of the high- 

resolution est order, because many approximations in the correction of apochro- 

absorbs iats for the entire visible spectrum are thereby eliminated. Chro- 

flect blue matic errors do not occur, because the objective is confined to a 

by using single wavelength for which a high order of spherical correction can 
be attained. 

In this particular apparatus, a step has been taken in this direc- 

by making use of the monobromnaphthalene objective of N.A. 
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1.60 which Professor Kohler has now corrected tor the b] 


of the visible spectrum. This metallographic objective 















represents the highest achievement yet attained in the correct 
high aperture objective for a restricted region of the spectrun 


years ago the author revived interest in the monobromna; 


objective which for years had been practically abandoned. es 
sor Kohler* produced several for the yellow-green region of tly 
spectrum and, as previously stated, has now corrected objectives { 

the blue region. This permits one to employ the shorter wavelengths 


with these very high aperture objectives. These objectives, 


as practical application is concerned, are still in the experin 


stage. 


Results thus far are promising. 


lf the intensity of the light 1s decreased by using monochromat 


LL OTALIC 


( Wii 


light or a very narrow group of lines, a much longer exposure 
be required to secure a photographic negative of proper density, as- 


suming the same plates are employed as when using a broad band 


QO] 


filtered light from the spectrum of an are lamp. Heretofore th 


exposure was limited to about one and one-half 




















minutes because 
the equipment lacked the mechanical stability which would permit 
longer exposures. In this new metallographic equipment, much 
thought was given to mechanical stability in order that longer ex- 
posures could be made. 

The 


lographic plate’’ 


Co. 


which is more sensitive to the blue and the 


Kastman Iodak has recently developed a ‘metal 


oreen 


] 


regions of the spectrum than other types of plates. These metal- 
lographic plates have simplified the problem and they are ideal in 
quality. For the red end of the spectrum, the Wratten M plate or the 
red sensitive spectroscopic plates are used. 

Thus if we summarize the desirable characteristics in a precision 
metallographic equipment for photographing at magnifications from 
4000 to 6000 diameters, we require great mechanical stability, free 
dom from creep, absolute freedom from outside disturbances, the 
means to illuminate the specimen with light of any selected wave- 
length or group of wavelengths within the visible spectrum, and the 
Notwithstanding 


the time, care and thought given to the development of this equip- 


highest order of achievement in optical equipment. 


ment, the desired result has not been fully achieved in all cases. 


The entire equipment is mounted on three stands as illustrated 
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in Fig. 1. Great difficulty would be encountered in eliminati 
tion and in freeing the equipment from outside mecha: 
turbance if the apparatus were mounted on a single stand 
sembled it measures about twelve feet in length and about 
in breadth. 

The microscope and the camera are mounted on one sta 
has six supports provided with levelling screws and resting on 
iron disks which in turn are insulated from the floor by spong 
pads. The camera and the microscope are assembled on a 
consisting of three large tubes which at their ends and at two 
mediate points are rigidly joined together by massive yokes. 
yoke or tie piece has two laterally extending arms. These arms ar 
fitted with large screws with knurled heads and each screw rests 0 
a shock absorber, making a total of eight shock absorbers. Wher 


the screws are turned down the shock absorbers do not function. } 


when they are turned up the carrier rests on the shock absorbers 


The two upper tubes of the carrier serve as rails for the camera. 

The camera is in four sections in order that any length bellows 
extension may be secured. At the right of the camera is a metal 
scale graduated in centimeters and running the entire length of the 
camera bed. On each camera section is mounted a small millimeter 
scale which acts as a vernier. The centimeter scale and a vernier 
scale give the correct length of the bellows extension. Each camera 
section is provided with a clamping device. This clamping device 
grips the rails or releases by turning a substantial lever on or off as 
the case may be. Each of the three rear camera sections is provided 
with short straps so that the sections not in use may be pushed to 
gether and the bellows held compressed by snapping an eyelet in the 
end of each strap over a button fastened to the forward frame of 
the camera section. If two sections of the bellows are in use, the 
other two may thus be compressed and slid back out of the way on 
the rails. The maximum plate size of the camera is 24 by 30 centi- 
meters and this may be reduced by suitable kits to accommodate 6 
by 10 inch, 5 by 7 inch, 4 by 5 inch or 3% by 4% inch plates. Th 
camera is mounted so that the holders and screens slip in from abov 
This arrangement is more convenient for focusing when short bel- 
lows extensions are used and by inserting the plates and holders 
a vertical direction, there is less likelihood of inducing vibratio! 
The camera mounting is compact and the arrangement has give! 
entire satisfaction. 
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e microscope is arranged horizontally because, in the author s 
the design simplifies construction of focusing mechanism, 
the number of prisms and optical surtaces to a minimum, 
substantial and the component parts are less subject to creep. 


rizontal arrangement is not as convenient to work with as a 





Fig. 2—Microscepe Assembly from the Observation Tubs Side 


vertical or an inverted type microscope. In this precision instrument 

maximum stability and the minimum number of delicate moving 

parts are desired. In a routine instrument, convenience would be 
ore of a factor. 

The microscope has a heavy metal base, 35, which may be more 
learly seen in Figs. 2 and 3. The base is of triangular cross section 
ind rests tension-free upon three points. Three hardened steel balls 
are mounted in holders—two rest on the first connecting yoke and 
ne on the second yoke. The microscope, which is massive and prop- 
erly balanced with reference to its center of gravity by the triangular 
hase, rests on the steel balls. The ball mounting is such that the 
microscope assembly comes to rest in one position. A small pin, 37, 


passing through the base and projecting so as to strike the mounting 
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Fig. 3---Microscope Assembly from the Vertical Illuminator Sid: 


rails (two upper tubes) if the microscope is lifted or forcibly dis 
placed, acts as a safety device. By removing the safety pin the y 
microscope can be lifted from its mounting. 

The stage is massive and is mounted as a separate assembly 


stage carrier plate which is screwed to the triangular base plate 


very sturdy rack and pinion mechanism for coarse focusing of 
stage 1s provided and may be locked in any desired position 
lever mechanism, 41, shown in Fig. 3. The stage revolves about 
long horizontal axis within the upper part of the stage carrier. 
desired it may be rapidly turned by hand or slowly by means oi 
knob, 42, which is shown at the top of the stage assembly in Fig. 2 
[f it is desired to revolve the stage by hand a latch, 43, releases th 
gears and they are held released by operating a catch, 44. 

Two thumbscrews shown at the top of the stage, 45 and + 
allow the object to be displaced in two directions at right angles t 
each other similar to the movement of certain types of mechanical 
stages. The movement is not fixed as horizontal and vertical. As : 


result the specimen moves diagonally. Experience with the apparatus 
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own conclusively that this is a distinct disadvantage, and often 

a serious annoyance. 

Che mechanical stage movement is along modern conventional 

of microscope construction; experience has demonstrated that 

strument of this kind requires precision machine tool construc 

Soft metals and delicate conventional microscope movements 

ot suitable. What is required is a movable stage actuated by 

precision screws, one operating vertically and the other hort- 

tally. Both screws should be substantial as to size and should be 

teel. The stage plate should slide on massive ways. By means 

{fa suitable gearing mechanism the stage plate should be capable of 

heing revolved on a substantial collar about its axis and of being 
securely locked 1n any position. 

The object is held in special interchangeable holders, 47, with 
surface exactly parallel to the stage. A holder is selected to suit the 
dimensions of the specimen. It is then fastened to the stage by two 
locking screws. ‘The specimen is slipped in back of the parallel sur- 
faces and is held against these surfaces by a single point contact, 48. 
[he contact or stud is under spring tension and is drawn back by a 
rod terminating in a knurled knob, 49, at the rear of the stage. This 
isa method of mounting developed and fully tested in Bell Telephone 
Laboratories before this equipment was designed and is the only 
jounting which the author has found fully satisfactory for his 
work.* Its construction has been described elsewhere. 

lo the opposite end of the base plate is fastened the tube carrier, 
39, which 1s provided with a standard slow motion, 51, of the cog- 
wheel type conforming to the design used on all recent Zeiss micro- 
scopes. The slide which is controlled by the slow motion supports 
the rack and pinion movement of the tube. This is the conventional 
coarse adjustment, 53, of the ordinary microscope. The rack and 
pinion movement carries at its forward end a vertical plate to which 


the vertical illuminator is fastened with screws. The microscope 
ty] 


ube, 56, slides into suitable ways of the rack and pinion movement 


and butts against the vertical illuminator where it is held securely in 


position by a clamping mechanism, 58. As has been previously men- 


ty 


tioned, this whole microscope assembly is of experimental construc- 


TT 


tion and the reason for mounting the tube as described was to make it 


F. Lucas, “A Resume ef the Development and Application of High Power Metal 
y and the Ultra Violet Microscope,” Proceedings, International Congress Testing 
Ven. 2, 1988. 
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interchangeable with a 190-millimeter tube. Since the i; 
jectives have been demonstrated to be superior to the 190- 
tube-length objectives, the need for this interchangeability 
no longer exists. 

The vertical illuminator is now capable of simplificat 
was designed to accommodate both types of objectives. | 
with a plane parallel glass plate, inclined at an angle of 67 
rather than the usual 45 degrees. This is the optimum 
maximum reflection and has an appreciable effect in incre 
illuminating efficiency of the system. This plate is adjustal 
certain limits. Screw 59 changes the tilt of the plate to 
axis of the microscope. Screw 60 turns the carrier with 
around the axis of the microscope and screw 61 displaces 
the deflection plane at right angles to the axis of the microsco; 

Mounting the glass plate at an angle of 671% degrees would ri 
quire a change from a right angle assembly of the illuminating 
To overcome this, a small prism is incorporated in the illuminato: 
to correct the deflection of the rays so that a right angle asseml 
of the illuminating units may be employed. The tube of the ill 
nator contains the lenses and diaphragms regulating the path of ray 
\t the outer end of the vertical illuminator tube is a short sliding 
sleeve provided with centering screws, 66. Into this fit two short 
sliding tubes in each of which is mounted a condensing lens of suit 
able focal length. One is provided for use when the first illuminati: 
system is employed (the arc lamp or mercury vapor lamp) and th 
other for the monochromator. 

The microscope tube is provided with an observation tube 
which 1s fitted at its base with a simple reflecting prism. When th 
observation tube is pressed downward the prism intercepts and d 
flects the rays on to an eyepiece for observation. When the observa 
tion tube is withdrawn the rays continue through the main tube, pr’ 


I 


ducing the image on the focusing screen or the photographic plat 


The observation tube is provided with centering adjustments. 
objective changers of the conventional Zeiss design are provided | 
the objectives. 

A remote focusing device, 70, extends along the right side 0! 
the camera. It consists of three rods connected by universal jomts 
and running in ball bearings. A turn of the rod moves a small gea! 


set mounted in a closed gear case, 70-a. A reduction of 1:4 
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lished. While the microscope tube and vertical illuminator 
bly differs outwardly from those of other conventional equip 
it is nevertheless built up of standard microscope parts and, 
he stage assembly, the tube assembly has proved unreliable. 
metals and delicate moving parts, conventional rack and pinion 
ments, conventional slow motions and tube mountings ot 


iaphragms and condensers of the illuminating system do not main 


‘ain adjustments for precision work. Experience has demonstrated 
‘hat it would be desirable to redesign the microscope along machine 


tool lines. 


[Experience suggests a design which would consist of an optical 


bench with saddle stands to carry the objective changer, the prism 


and plane glass reflector assembly, the observation tube and the pro- 


ection ocular. The vertical illuminator parts should be assembled 
similarly on a suitable optical bench and every part should be capable 
of being optically centered and aligned, and once so adjusted, they 
should be capable of being rigidly locked in position. The whole 
assembly should then be provided with a removable metal cover 
having a suitable aperture to admit the illuminating beam. The slow 
motion should take the form of a precision screw with a suitable gear 
set for a reduction of 1:4 and the slow motion should control the 
yptical bench. With proper selection of modern metals such an 
iustrument can be made which should function properly and yield 
results of the highest order. The present microscope is workable, 
will maintain adjustments reasonably well and the equipment as a 
whole has yielded the best results achieved to date. 

Two illuminating stands with elevating gear for vertical ad- 
justments of the illuminating beams are provided. The stands are 
so arranged that they may be moved on rollers for horizontal adjust- 
ments. It will be observed that the illuminating stands are not safe 
guarded against outside disturbances as was done with the camera 
and microscope stand. This was avoided by designing the optical 
system in such a way that the beams would always cover the aperture 
diaphragm opening of the vertical illuminator. Vibrations or dis- 


turbances which arise or are induced in the illuminating stands have 


no effect whatsoever on the image as photographed. 


The first illuminating stand, Fig. 4, has a table top which slides 
rails. It carries two optical benches parallel to each other and 


ounted that, when the table top is run on the rails until it strikes 
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Fig. 4—First Illuminating Stand, on which are Mounted Two Optical Benches 
One Illuminating System Operates trom an Arc Lamp and the other from a Merci 
Vapor Lamp. 


a fixed stop in the direction of the microscope stage, the are lamy 
train is brought into alignment (after once being properly adjust 
with the vertical illuminator. By releasing a catch, 72, the table t 
may be moved in the opposite direction until it strikes another stop, 
71, in which position the optical train of the mercury vapor lam| 
comes into adjustment with the vertical illuminator. On the stan¢ 


i$ mounted an instrument panel, switches and rheostats for controlling 


1 
+hy 


the voltage and current of the lamp circuits. The arc lamp 1s t 
standard clock feed type. It operates at a voltage of 55 and a curre! 
of 5 amperes. Small voltmeters and ammeters on the instrumen 
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Fig. 5—The Second Illuminating Stand or Monochromator Arranged to Use the 
amp 1S the k Generating Apparatus. 
da current | ov es i‘ 
el show whether the correct electrical conditions are being main- 
instrumel 


ed. The arc lamp train is the most intense source of illumination 
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Electrode Helders and Details of the Spark Gap. 


and is used in conjunction with Wratten filters. The mercury vapor 
lamp train in conjunction with filters provides an approximately 
monochromatic means of illuminating the specimen with the stro 
mercury vapor lines. 

When the movable table is placed in a midway position the path 
to the vertical illuminator is unobstructed and the monochromatot 
may be used as a source of illumination. The monochromator is 
designed to operate with two sources of illumination, a spark gap or 
a mercury vapor lamp. 

The assembly of the apparatus for the spark gap illuminating 
train is shown in Fig. 5 and details of the electrode holders in Fig. 
lat metal strips are used for the electrodes and, by using the appro 
priate metal, any strong line or group of lines may be isolated fron 


the visible spectrum. The spark gap is covered by a wooden box lined 


" 


with sheet metal and heavy felt for deadening the noise of the : 
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xx has a large flexible hose connecting with an exhaust fan and 
» that the atmosphere within the box may be kept clear and 
o guard against dangerous fumes getting into the atmosphere 
The ex- 
the 


health hazard. 
to the 


laboratory and thereby producing 


1) 
i 


fan which is mounted near a distant flue roof of 


eee 
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Fig. 7—Electrical Circuit of Spark Generator 
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ratory building is controlled by a switch mounted on 


a 
idjacent to the power panel. When the exhaust is 


| signal lamp mounted with the switch is illuminated. The lamp 


be seen from all parts of the laboratory room. 


The optical train 
dition to the spark gap apparatus consists of suitable condensers, 
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an adjustable slit and a large hollow prism. All are mount 
movable optical bench which may be turned through an 


pivot providing the center of rotation is mounted directly 


the prism. Rotation is by means of a threaded rod and col 

ated by a large hand wheel as shown more clearly in Fig. 

hollow glass prism is filled with carbon disulphide, monochlo: 
or any other liquid of the required index of refraction. TT) 
emitted by the spark is decomposed spectroscopically by th 

train into the characteristic line spectrum of the metal used 

trodes. By movement of the optical bench through its arc of 
any desired line may be brought to bear on the vertical illu 
and all others excluded. A type D Hilger spectrometer is used 
means of control for wavelength. The lines are about six inch 
height. When a given line is focused on the vertical illumi: 

portion passes over the illuminator and is picked up by the spect 
eter which is mounted on a table provided with casters in 
that the instrument may be easily aligned with the light source. 

The electrical circuit of the spark generator is shown in Fig. 3 
In Fig. 8 are reproduced oscillograph records of the wave-form for 
primary current and voltage, and the secondary current.* Experi- 
ments made in the laboratory seem to indicate that an increase ii 
the frequency of the supply to the transformer has little practical 
effect on the intensity of the illumination. 

We have concluded that the only practical way in which to s¢ 
cure greater intensity of illumination is to put more energy into th 
system. The present design of spark gap allows but a limited load 
ing of the electrodes.° Professor Kohler has proposed a rotating 
type of electrode in which, he states, the discharge does not wande1 
and, because of the rapid rotation of the electrodes, the heat is dis 
sipated so rapidly that the current loading may be very high. 

The condensers and safety spark gap are mounted on a fram 
suspended from the under side of the table top and are guarded by 
wire mesh. The electrode feed is by means of a flexible cable show: 
in Fig. 6. The optical bench and the metal frame of the stand are 
grounded by a cable. 

The transformer supplying the power is mounted near th 


*For the sake of clarity, the curve for secondary current is displaced 180 « 
to phase. 


5A. Kohler, ‘Some Innovations in the Field of Photomicrography with | 
Light,”’ Die Naturwissens ‘haft i, Vol. ai. 1933. 
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The Second Illuminating Stand o1 Monochromator Arranged to Us: 
iry Vapor Lamp in Place of the Spark Generator Apparatus. 


ing of the laboratory and the high tension leads are brought to 


the spark apparatus through conduits and metal guards. The power 


panel conveniently located on the wall of the laboratory has a switch 
controlling the primary supply to the transformer, a red pilot lamp 
which can be seen from all parts of the laboratory room when the 
power 1s on, and a voltmeter and ammeter showing voltage and cur- 
{ the primary supply. A rheostat mounted to the right of the 

wer panel controls the current in the primary circuit. Normal 


tion is at 2.25 amperes but the electrodes will stand loading to 
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about 3.5 amperes which is used when maximum intensity « 
tion is desired. 

In Fig. 9 is shown the arrangement of the monochron 
the mercury vapor lamp is used in place of the spark gene: 


paratus. The mercury vapor lamp is mounted directly in fi 
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Fig. 10—Optical System of the Microscope. 


spark fume hood. There is a slight change in the condensers 
otherwise the optical system is identical with the one employed 
the spark generating system. Electrical meters for voltage and 
rent readings of the lamp circuit are mounted flush in the table to} 
the side opposite to the one shown in the illustration. Plug 





HIGH POWER METALLOGRAPHIC EQUIPMENT 1131 


cles and switches controlling the lamp and service connections 
iso mounted on the table top near the meters. 

In Fig. 10 is shown a much simplifed diagram of the optical sys 
of the microscope. From an object situated in its focus, objec 
7 produces an image in infinity. This image is viewed through 
eppler telescope consisting of objective 9 and ocular 11 or 12. 
prism 10 is lowered to the position shown, the image is directed 
the lateral eyepiece 11 of the observation tube but 1f it 1s with- 


lrawn the image is directed to eyepiece ve 
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Fig. 11—Optical Diagram of the Paths of the Rays in the Microscope and 

llumimating Stand when the Mercury Vapor Lamp is Used 

Che magnification of the lens image produced by the objective 
lone and situated at infinity is equal to 250 millimeters divided by 
the focal length of the microscope objective. This image is magni- 
hed by the telescope, the magnification of which is equal to the focal 
length of the telescope objective divided by the focal length of the 
eye piece. 

\ccording to Professor Kohler this arrangement, employing 
infinity-corrected objectives and a Keppler telescope in place of 190- 
millimeter objectives and an ocular, has the advantage that the ver- 
tical illuminator may be inserted at a place where the rays are parallel. 
When the rays are parallel the plane glass plate of the vertical il- 
luminator reacts alike on all rays without interfering with their 

inal correction. When using objectives corrected for 190-milli- 
eter tube length, the cones of light passing through the plane glass 
a finite, though small, aperture angle. The disturbing influence 
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of the plane glass then becomes more pronounced the higher 
of refraction and the narrower the angle at which it is set to 
Between 9 and 7 the plane glass plate 8 of the vertical ill, 


is placed. The reflecting power of the plane glass plate is j, 
when the reflecting angle of 45 degrees is exceeded. A re 


angle of 67% degrees was used because it brings the reflectin: 
to about 50 per cent of the incident light which is the most f: 


value. The efficiency of the illuminating system is thereby 


9 3 
HOLLOW GLASS CONDENSER ; ti 
PRISM FILLED WITH SLIT 
CARBON DISULPHITE CONDENSERS 
SOLUTION 


Fig. 12—-Path of Rays in the Monochromator when Mercury Vapor Lamp j 


In order to facilitate the arrangement of the illuminating 
paratus and to employ incident light at right angles to the micro 
scope axis, prism 6 is placed in position to correct. the 
arrangement. 


al) 


Lens 5 projects an image of the radiant (field of view 
diaphragm 3 in infinity. This image of the radiant field diaphragn 
situated in infinity, after being reflected by the prism 6 and plane 


Didl 


lens 


glass 8, is again imaged in the object by the objective. The sam 
5 projects an image of the aperture diaphragm, 2, in the uppet 
of the microscope objective 7. 

Fig. 11 is a simplified optical diagram showing the paths of the 
rays in the microscope and the first illuminating stand when th 
mercury vapor lamp is in use. 


> 
In this diagram the dimensions and 
spacing of the component parts are not in their true relationship 
The plane glass plate is also shown at an angle of 45 degrees and 
the prism which corrects the deviation of the rays is also omitted for 
the sake of clearness. It will be observed that the rays, where the) 
pass through the plane glass, are parallel and that the telesc 

jective brings them to a focus within the ocular. When objectives 
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ted for 190-millimeter tube length are used the rays, as they 
hrough the plane glass, comprise a converging cone. 

he path of rays in the monochromator is shown in Fig. 12. 

ssumed that the source of light is the mercury vapor lamp. The 
st member of the slit condenser produces an image of the source 
ht at infinity. This infinitely distant image is reproduced on 
. slit 10 by the second member of the slit condenser 3. The image 
the slit 10 together with the second image of the source of light 
formed on the aperture stops of the vertical illuminator of the 
icroscope. Immediately after passing condenser 9, the rays pass 
hrough the hollow glass prism, and the image of the slit is dispersed 
to the various monochromatic slit images of which it 1s composed. 

[his equipment was designed as a high power metallographic 
ipparatus; and objectives of the very highest resolving ability are 
mployed. However, it is generally desirable to observe and often- 
mes to photograph structures at low powers. For this reason we 
have included with the apparatus optical parts which will allow a 
re in magnification from 100 to 6000 diameters. <A very high 


rang 
crade, low power projection ocular is used as the eyepiece of the 
Keppler telescope. 

\ special laboratory was prepared to receive the apparatus. 
Since the equipment is used in a darkened room, it is desirable to 
sce the outlines of the apparatus. If people are present as observers 
1r spectators, and are not familiar with the apparatus, they may do 
serious damage by moving about in the dark. The apparatus itself is 
finished in black, for no other good reason than that black is a stand- 
ard finish and precedent seems to have decreed it. However, it would 
have been far more logical to have finished the apparatus in white or 
a light color so that the framework and other parts could be seen in 

darkened room. 

The ceiling and upper two-thirds of the walls of the laboratory 
have been enameled a cream color; the lower third of the walls, a 
yellow-green. Physiologically the yellow-green rays are the most 
effective. Thus by painting the walls in cream and yellow-green and 
producing a very low source of yellow-green light at the ceiling, there 
is a decided sense of visibility in the room, even though it is darkened. 

The floor of the laboratory is covered with heavy linoleum. The 
windows are fitted with steel frames in which heavy opaque shades 

he raised or lowered in light tight compartments. 

In concluding this paper, we desire to express our appreciation 
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to the firm of Carl Zeiss for their co-operation in the devel 
this apparatus. Our thanks, in particular, are due to D 
Marquette of New York City and to Professor A. Kohk 


J. Bauersfeld of Jena. 


DISCUSSION 


Dr. F. M. Watters, Jr.:* To discuss the paper by Mr. Lu 
gilding the lily, but I am unable at this time to refrain from gq 
often-quoted saying that our advancements in science are due to II 
inspiration and 90 per cent perspiration. Mr. Lucas’ work, as wel 
of other men in the scientific field, reflects the enormous care 
which he has paid to details. 

E. E. THum: I can, of course, only second what Dr. Walte: 
about our high appreciation of Mr. Lucas’s achievements in his 
you might call it. He is one of those men who started out with a 
has been able to ride that hobby to the height of scientific achievem 

\pparently the people in England are more prone to do that tl 
on this side. But I think we can match Mr. Lucas against some o1 
side who have started out playing with something, as you might say, 
have been able to advance human welfare very materially with the 
their play. 

[It is very fine, indeed, that Mr. Lucas is connected with an 
that can appreciate the economic advantage of spending a larg: 
money for the perfection and development of such a beautiful instrument 
has described. We can count on the fingers of a badly mutilated 
number of commercial concerns in this country which would be will 
devote so much money to such a piece of advanced research equipment 
expectation of results, the economic significance of which cannot be 
detail at the moment. 

There is undoubtedly a great advantage in seeing things rather 
ferring their existence. Some years ago Dr. Giolitti, the eminent Ital 
allurgist, was discussing the results of X-ray investigations on the con 
of solid solutions which were just then being published. Huis attitude, 
not exactly one of skepticism, was one where he repeatedly said, “! 
sure about this because I have not seen it.” 

Mr. Lucas’s efforts to thrust back the border of the things that 
see further and further towards the minute things which we may) 
X-rays, are certainly to be praised. Obviously, the X-rays can show us 
the average condition—something which will appear as a statistical result. ft 
it we can get an idea of the average condition of a certain piece of met 
when it comes to the actual distribution from one point to another of tl 
ticles which form this material, then we can only rely upon the visual 
and naturally the further we can see down into the minute things, obser 


1Carnegie Institute of Technology, Pittsburgh. 


°Editor, Metal Progress, Cleveland. 
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or five thousand magnifications, the better information we will have 
the ultimate structure of the things which we are studying. 

course, that goes for other things besides metal, because Mr. Lucas has 
nvaluable work in other branches of science. 

F. Lucas: Many of my friends, including Mr. Thum, believe that 
in the use of the microscope as a hobby. As a matter of fact, I have 
; regarded the microscope as a scientific tool for furthering professional 
rch. 
wish to express a word of appreciation for the kind remarks of Dr. 


rs and of Mr. Thum, even though I realize how little they are deserved. 


[ count it a privilege to have been invited to tell the members of the 


ety something about this new microscope. 





LOW TEMPERATURE IMPACT STRENGTH OF some 
NORMALIZED LOW ALLOY STEELS | 


By Joun J. EGAN, WALTER Crarts, AND A, B. ky: 


Abstract 


The authors have here presented the results of 
investigation on the shock resistance of a number of 
alloy steels in the normalized condition. Alt!ough 
degrees Cent. might be considered as the lower limit 
which any of these steels are applicable for engineerii 
use, many possessed excellent properties at —80 deg 
Cent. Among these are included chromium-copper, 
conium, Cromansil, nickel-vanadium, and nickel-cop; 
steels. For use at temperatures below —100 degrees ( 
the higher alloy austenitic steels of the 18-8 type alon 
suitable. 

The combination of a deoxidizing or an austenit 
forming element with a carbide former gives, in general 
better low temperature properties than the combined d 
carbide and austenite-forming elements. 


ti 


DVANCES in chemical engineering and in_ transportatior 


equipment have stressed the engineering importance ot 


low temperature properties of metals and alloys. It is scarcely neces 


1 


sary to mention specifically the improvements in the handling 
liquefied gases, dewaxing of oils, and refrigeration, or the increas 
use of automobiles, aircraft and railroad equipment in climates wher 
temperatures as low as —50 degrees Cent. are encountered. ‘That 
the study of the properties of materials at low temperatures has great 
interest to metallurgists is obvious, and increasing efforts are being 
devoted to this field. 

A perusal of the literature as well as common experience ind! 
cates definitely that the static properties of steels are not serious!) 
altered at low temperatures. In general the ultimate strength a1 
the yield point are increased, and the ductility decreased, the degree. 
however, being such as to cause no grave concern to the designing 
] 


OW 


engineer. ‘The impact strength, on the other hand, is generally 

\ paper presented before the Fifteenth Annual Convention of the so 
held in Detroit, October 2 to 6, 1933. John J. Egan and Walter Craits 
research metallurgists, A. B. Kinzel is chief metallurgist, Union Carbid 


Carbon Research Laboratories, Long Island City, N. Y. Manuscript re 
July 17, 1933. 
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} such an extent as to render many steels unsuitable for service 
these conditions. It is the opinion of the authors that notched 
npact strength is a criterion of the ability of a metal to with 
deformation, not only in shock but in static two- or three 
sional stress as well, and it is further an indication of the re 
nce of the material to notch fatigue. We have accordingly 


en to study only this property, which we consider one of the 


rimary factors in determining the suitability of a steel for low tem 


nerature applications. 

General experience as well as recorded studies, indicates very 

ngly that low temperature impact strength is improved by a 

uench and draw. However, the inability of satisfactorily quench 

» and drawing, either because of shape or size of the part, or both, 

akes steels in the normalized or as-rolled condition of greater in 

terest to the engineer, so that the present investigation has been re 

stricted to normalized steels. The austenitic steels have very high 

shock resistance even at very low temperatures, but their cost makes 

it more economical to use steels of lower alloy content in the inter- 
mediate low temperature range under consideration. [or this reason 
ic nly the low alloy steels were studied, and since it would be obviously 
POTtatio 


I . . 
impossible to consider every type, only those more common low alloy 


' 
© OT he 
i Lit 


| rades were chosen, as well as certain special analyses which for one 
IY neces ‘ ; ; 
1 reason or another were believed to have improved low temperature 
Idling of 
| impact strength. 

creased . rh 

STEELS TESTED AND RESULTS 


es where 

That ' In order to establish a basis for comparison, plain carbon steels 
were first investigated, these steels as well as the standard S.A.E. 
alloy steels being obtained from standard commercial sources. Of 
the special steels studied some were made on a commercial scale and 
the remainder were produced in the small induction furnace at 
the Union Carbide and Carbon Research Laboratories. Chemical 
analyses together with the results of the impact tests in the three 
classes are shown in Tables I, II and IIJ. Some of these values are 
shown in Table IV where they are arranged in the order of their 

tensile strengths. 

EXPERIMENTAL PROCEDURE 

All tests were made on the standard 120 foot-pound capacity 
izod machine using the 0.394 square inch (1 square centimeter ) 
notched specimens, the notch angle being 45 degrees with a 0.026- 
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No Steel 

l Cc 
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8 Ni 

9 Ni 
10 Ni-Cr 
11 Ni-Cr 
12 Ni-Cr 
i3 Cr 
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inch bottom radius, 0.079 inch deep. 


In all cases the 


question in a liquid medium. 
was followed by a quick transfer to the 
release of the hammer. 


Temperature loss during this inte 
slight as to be neglig 
tween specimens was naturally of 
The liquid used varied with the 


degrees Cent. ic 
Cent. acetone c 
es Cent. liquid 


—80 to —150 « 


the propane being placed in a Dewar ff 


ing the liquid air immersed in it until the desired temperature 


ed. At no time 


temperature constant within limits of +3 
-50 degrees Cent. 
Below —50 degrees 
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since no definite general relationships had been shown ; 
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Table | 
Temperature Properties of S.A.E. Steels 


Impact Strength, Ft. Lb. Per S, 


o.A.E. Room Temp. a0 ¢. g0° Cc. 
1020 65.0 7.0 20 
1030 49.0 9.0 () 
1045 4.0 ..8 R 
1050 11.0 5.0 5 
1060 10.0 6.0 
1080 4.5 2.0 
1090 4.0 3.5 es 
2335 15.0 8.0 5.5 
2335 21.0 6.0 5.5 
3135 15.0 7.0 +.0 
3135 41.0 25.0 17.0 
3140 17.0 9.0 7.0 
5130 33.0 4.3 3.2 
6120 21.0 6.0 4.8 
6125 89.0 16.0 11.0 
6135 24.0 14.0 6.0 
6150 26.0 12.0 14.( 


Values are reported as - 


obtained, generally being quoted as foot-pound per squar 
meter. No attempt | 


las been made to convert these figures to 


pound per square inch, as the authors do not feel that this 
fable, 


between impact strength and cross sectional area. 


specimens were cooled to the temperatt 


4 


ible, and the variation in temperature loss | 


1) 
( 


e€ water or iced brine: from —20 to —80 de- 


ooled with dry ‘ice; from this point to 


CC 


yt 


i 


tict 


Ire 


Immersion for 30 minutes to 1] h 


\ 


iv) 
il 


out in from 3 to 4 second 


S 


1S) 


propane cooled by means of liquid air; a 


‘grees Cent. The production of temperatures 


1 


a still lower order of magnitude 
temperature desired: viz., from 0 4 












) CNIST 


[zod vice with the immediate 
Stop watch measurements showed that th 
complete operation could be carried 


rval was believed to be sufficiet tly 


legrees Cent. was carried out with great care, 


Wa 


was any difficulty found in maintaining th 


ask, and a glass tube contain- 


degrees Cent. Temperatures 


were measured with a pentane thermometer 


Cent. a suitably calibrated copper-const 


thermocouple and potentiometer were used. 
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Table IV 
Relation of Impact Strength to Tensile Strength of Steels Test; 





Ultimate 





























Strength Impact Strength, Ft.-Lb. } 

No. Steel M. Lb. Room Temp. 50°C 
40 Rail 180—190 18.0 12.0 
16 Cr-V 120-130 24.0 14.( 
12 Ni-Cr 120—130 17.0 90 
8 Ni 100-110 15.0 2 0 
17 Cr-V 100—110 26.0 12.0 
10 Ni-Cr 100-110 15.0 7.0 
32 Ni-Mo 100-110 40.0 13.0 
9 Ni 90-100 21.0 6.0 
14 Cr-V 90-100 21.0 6.0 
11 Ni-Cr 90-100 41.0 25.0 
23 Ni-V 90-100 75.0 19.0 
33 Mn-Mo 90-100 26.0 6.0 
6 Cc 90-100 2.5 

7 Cc 90-100 4.0 ae 
21 Mo 90—100 34.0 11.0 
3 €; 90-100 4.0 Sy 
34 Mn-V 80-90 38.0 15.0 
30 Ni-Zr 80-90 55.0 20.0 
13 Cr 80-90 33.0 4.3 q 
4 c 80-90 11.0 5.0 i 
5 c 80-90 10.0 6.0 
29 Cu-Zr 70-80 65.0 23.0 
15 Cr-V 70—80 89.0 16.0 
22 Ni-Cu 70—80 71.0 2c 
25 Zt 70—80 34.0 10.0 
41 Cromansil 70—80 48.0 11.0 
28 Mn-Zr 70-80 82.0 35.0 
31 Mo-Zr 70—80 35.0 12.0 
24 V 60-70 76.0 29.0 
2 C 60—70 49.0 90 
26 Zr 60—70 76.0 20.0 
20 Cr-Cu 60—70 85.0 92.0 
27 Zr 50—60 87.0 71.0 
l i 50—60 65.0 7.0 
42 Zr 50—60 70.0 78.0 
3 Armco Iron 40—50 64.0 0 

























In all cases specimens were machined to a one-half inch squar 
bar and normalized from a suitable temperature. On air cooling the) 
were placed vertically, transient air currents being avoided. Subst 
quently to normalizing the specimens were finish-machined to 0.34 
inch square and notched by means of a fly cutter made to match ; 
template against which the cutter was frequently checked to elin 
nate variations in the notch. 


DISCUSSION OF RESULTS 







Typical impact strength-temperature curves may be see 
Fig. 1. The general tendency was for the impact value 








rapidly to a low figure at some temperature between 0 and —1U 
degrees Cent. Between this temperature and —183 degrees Cent 
little additional loss occurred, the impact resistance here bein 


2-5 foot-pound. It would thus appear that in general the norn 
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illoy steels should not be used at temperatures below about LOO 
ees Cent. for those engineering purposes where substantial im 
strength is required. Steels for use in this range must be of the 
tenitic type. Fortunately, however, these temperatures are lower 
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| to U 20 40 O -40 -80 -720 
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y match a 
Fig. 1—Impact Strength of Typical Steels at 
Temperatures 


1 


than are usually encountered, so that normalized pearlitic alloy steels 
are well adapted to most ordinary demands. The tests on these 


steels have therefore been made with special reference to temper 
tures in the range of —5O to —80 degrees Cent. 
In addition to the poor values shown by the carbon and some ot 


the alloy steels, a further disturbing factor was their erratic be- 
havior. For example, the results of tests on chromium-nickel steels 
ried from 7 to 25 foot-pound at —50 degrees Cent. In another 


known to the authors a normalized S.A.E. 2330 steel gave values 
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of 12 foot-pound even at liquid air temperature, whereas onl 
pound were found on similar nickel steels in this study 
mium-vanadium series also exhibited erratic properties. At 
grees Cent. a S.A.E. 6120 steel gave 5.5 foot-pound whereas 
6150 steel had an impact strength of 14 foot-pound. H 
some of the steels, notably the zirconium series, were found 
relatively higher and more consistent impact strength 
\lthough certain alloy additions improved the impact 


and reduced the inconsistencies, a survey of Table IV will s! 
steels having a tensile strength of less than about 80,000 
square inch, had substantially less variation than thos« 
higher strength. This condition may be compared with 
lack of impact strength found in the usual normalized steel 
mal atmospheric temperatures when a strength of 100,000 to 
pounds per square inch is exceeded. It would therefore appx 
necessary to heat treat steels to obtain high tensile and 
strengths, but there are many uses where high shock resistance 


a primary requirement and normalized high strength steel sh 


suitable. For example, the average rail steel has an impact res 


of 2 foot-pound and is in general satisfactory except at vet 
temperatures. For this purpose then, the 3 per cent chromiu 
in the air-cooled condition with 12 foot-pound at 50 degrees 
should be entirely safe for rail steel even though the strei 
180,000 pounds per square inch. Many other applications permit 
use of steel with similar intermediate impact resistance, a1 
evident that for such purposes a number of steels of the low 
type that possess good static properties at high strengths we 
suitable for use in the range of —50O to —80 degrees Cent 

The properties of many of the normalized low alloy steels 
such as to render them quite satisfactory where a higher orde 
impact resistance would be required. This was not true of the p! 
carbon steels. Some alloys added little to the shock resistance of 
carbon steels while others apy eared to be effective only when twe 
more alloys were combined. These effects are brought out in Tabl 
which shows the relative influence of the alloy content, the degre 
ing indicated by the number of plus or minus signs. Zircontun 
duced a decided improvement. Vanadium was very effective in 
ing the impact resistance, and improved results were also not 
steels containing chromium, molybdenum, nickel, copper, and 
ganese. The influence of zirconium and vanadium was found 





Table ¥ 


Relative Influence of Alloying Elements on Impact Strength at Low Temperatures 


IX 


arbor Steel 
Zirconium Stee 
irconium steel 
rconium Steel 
on Zirconium Steel 
Carbon Steel 
Vanadium Stee 
im oteel!l 
Vanadium Steel 
irbon steel 
Chromium Stee 
hromium Steel 
Chromium Stee 
hromium Steel 
arbon Steel : 
n Nickel Steel 
n Nickel Steel ‘ 
im or Nickel Stee 
m on Nickel Steel 
Nickel Steel 


T 
) 


proportion to the alloy content, effective improvement being 


at 0.50 to 1.00 per cent In the case of the othet alloys, 


ever, no direct relation appeared to exist between alloy content 


impovement, the effect being about the same irrespective of 


unt so long as an appreciable quantity was present. 

Combinations of alloys produced rather surprising results.  Zir 
nium steel was influenced only slightly by manganese and copper ; 
was harmed by nickel and improved by molybdenum. Vanadium 
was deleteriously affected by manganese and nickel and helped 


Fé 


chromium. Although nickel alone improved the normalized steel 
uch less than might be expected from the reported results of heat 


eated specimens, additions of other alloys to nickel steel conferred 


decided benefit. Chromium steel was improved by additions of 
vanadium, nickel, copper and manganese. The addition of zirconium 
nickel improved molybdenum steels, while manganese had little 
trect. In classifying these results it was noted, in general, that the 
leoxidizing alloys, such as zirconium and vanadium, combined with 
carbide-forming alloys chromium and molybdenum, gave good 
ults, but that poor or doubtful results followed the combination 
the austenite-forming nickel, copper, and manganese with the 
xidizing alloys zirconium and vanadium. Similarly, the carbide- 
rming alloys gave good results in combination with austenite- 
torming alloys. Although not strictly an exception, the nickel-vana- 


m steel gave good impact values. This may possibly have been 
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due to the intermediate position of vanadium between the d 
ing and carbide-forming elements. 
The above classification would indicate 200d properties 


with the following alloy combinations : 


[DEOXIDIZING—CARBIDI LUSTENITI 


Zirconium Nickel 
Zirconium-Chromium Nickel-Chromium 
Vanadium Copper 
V anadium-Chromium (opper-Chromium 


Typical results of the available steels in these classes, togeth 
the nickel-vanadium and nickel-copper steels, which showed u 
ticularly well, are shown in Table VI. With the exception 

nickel steel, all had very good impact strength even at —8&0O d 
Cent. 


SUMMARY 


Although in general the low alloy normalized steels unde: 
best conditions do not appear to be suitable for use in engin 
application below 100 degrees Cent., many of them hav 
ciently good impact resistance to make them suitable at 


rat 


grees Cent. If a limiting impact strength of 10 foot-pound | 


sidered adequate, several steels in addition to those appearing 


Table VI would be acceptable. Nickel-vanadium, nickel-copy 


Table Vi 
Low Temperature Properties of Typical Steels of the Deoxidizing-Carbide 
and Austenite-Carbide Types 
npact Strength, Ft.-LI 
Steel 5 ; 


Chromium-Copper 
Zirconium 
Vanadium 

Nickel 
Nickel-Chromium 
Nickel- Vanadium 
Nickel-Coppe1 


Cromansil, chromium-copper, zirconium, and vanadium would 
satisfactory, while chromium-vanadium, manganese-vanadium, nickel 
nickel-chromium, 3 per cent chromium, nickel-molybdenum, mang 
nese-molybdenum, molybdenum, and plain carbon would be w 
satisfactory. If we now consider the properties at 50. deg 
Cent., which we have taken to be the limiting low temperatur 

service under atmospheric conditions, a slightly different listing « 
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\ll the steels listed at SO degrees Cent. are of course also 
actory at 50 degrees Cent In addition 3 per cent chromium, 
mium-vanadium, nickel-molybdenum, and = plain) molybdenum 

might be included. Carbon steels are eeneral not satis 
ry below 15 degrees Cent. and may . ‘ unsuitable at 
eratures in the vicinity of O degrees KORE... epending upon thei 

of manufacture. 
In applications at SO degrees Cent. when a higher order ot 
ict strength is required, it would appear to be advisable to com 
a deoxidizing or an austenite-forming element with a carbide 
ming element. For such steels, zirconium and vanadium alone 
suitably combined with other elements, or nickel, copper and 
hromium in combination as mentioned above have given the best 
s, the impact strengths varying from 14 to 41 foot-pound. 


he values obtained on these steels are otf the 


50 degrees Cent. t 
Po” ae OF ee : 
er of 20 to 35 toot-pound except tor zirconium and chromium 
ypper steels, which were not impaired in impact strength at this 
nperature, 


CONCLUSIONS 
|. The common normalized low alloy steels of the types tested 
ire not suitable for engineering applications below 100 degrees 


) 


Many normalized low alloy steels are suitable for engineer 
ng applications at temperatures down to —8O degrees Cent. 

bide 3. High impact resistance at temperatures down to —8O de 
rees Cent. may be obtained in low alloy normalized steels having 


strength of less than about 80,000 pounds per square inch by 


combining a deoxidizing or austenite-forming element with a car 


torming element. 
}. Zirconium and vanadium markedly improve the low tem 
rature impact strength of normalized low alloy steels. 
9. When suitably combined with another alloy, chromium, 
nickel, copper, manganese and molybdenum improve the low tem 
perature impact strength of normalized low alloy steels, the highest 


values being obtained with the chromium-copper combination. 
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Written Discussion: By J. F. Cunning 
il Engineering Department, | 
to be complimented 


1 
K resistance 


intermediate 


steel with compar 

+1, 

LLIC CULT) 

shock « 

which confirms the writer’ 
n methods 


50 des 


indicate 


extremely 
where tailures 
res published for > J per cent 
his steel under temperature conditi 
rbon rail steels would be w 
in its 
high in this element 
Russia have been reported good in 
less than 0.40 per cent carbon under similar 
addition of chromium to low carbon may 
abrasive qualities for rails if the price di 
subject of shock resistance at low atmospheric temperatures 
the limelight and many inexplicable failures of the past are 
yy efforts such as these authors bring forth 
Written Discussion: By N. B. Pilling, manager of resear 
[International Nickel Co., New York ( ity. 
The main purpose of this paper, I would take it, is to discuss the 
which various alloying elements may have in preserving toughness 


tural steels at subatmospheric temperatures, particularly after c 


| 
treatments of the simplest kind. The bulk of the data in support « 


with steels of low carbon content, yet for purposes of comparison a numbe! 
common S.A.E. steels of higher carbon content have been included 


steels are ordinarily used in the simple normalized condition and as s 
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ht arise as to whether the useful low temperature impact properties whicl 


heen well established for several of the nickel steels in the heat treated 


dition* do persist under rougher conditions, it may be of interest to supple 


t the data in this paper with some recent Charpy impact results obtained 
the International Nickel Co., in which three steels of similar carbon con 
are compared in the normalized condition; viz, S.A.E. 1035, 2335 and 3135 
[It should be pointed out that in several respects these tests differ trom 


se of Egan, Crafts and Kinzel. The steels were all 


A-SAE 23535 ———-—. 

8 EFIF5 ioe “ 

C SITS ae acces bea 
D JIFS 

og IO35 


Cherpy Impact, Ft-lb. 


| 
O 50 100 
Degrees fahrenheit 


Notched Bar Impact Tests on Norm 


luction, and include two random heats apiece of each alloy steel. All were 
normalized in 1 inch round sections instead of % inch square, and the standard 
Vee-notch with 0.01 inch radius which was used is appreciably sharper Phe 
Charpy instrument has inherent advantages for low temperature testing, pet 
mitting as it does rapid and accurate placement of the specimen in register, 
oupled with a minimum of thermal disturbance in the notched region 

Inspection of these curves demonstrates that the familiar advantage of 
heat treated nickel steels over carbon steels is indeed maintained in the nor 
malized condition to temperatures at least as low as —120 degrees Fahr. 

The authors make an interesting comment regarding the erratic behavior 
of some common alloy steels in comparison with the new zirconium steels 
Might it not be more accurate to say that the temperature range of transition 
irom the normally tough, warm condition to the comparatively brittle, cold 
condition is so short that all steels show a considerable sensitivity, with re 
gard to its precise location. Even the zirconium steels do not seem to be tree 
from this habit as the data of Tables II and III show Izod values ranging 
from 10 to 78 at —60 degrees Fahr. (—50 degrees Cent.). While the curves 
shown above do not allow of course any very broad conclusion they do sug 


gest that for these nickel and nickel-chromium steels at least we may reason 


*R. Sergeson, Transactions, American Society for Steel Treating, Vol. XIX, N 
February, 1932 
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there wet 
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tribute th 
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rienced. 


rying sources not quite at random but from manufacturers 


se to see what the scatter would be under this set of conditio; 


f steels, and below that it drops off slowly. There is undoubtedly plent 


atures down to —80 degrees Cent., and it is probably a question of the e1 


subject to 


would take place with zero elongation in the most ductile material. We thin! 


three years in Vermont (one location) where very low temperatures are exp 
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ese steels although we know that we would probably find diff 


grain size, normality, and so on. We did, however, select t} 


were making steels satisfactory to the automotive industry 
iccompanying table contains data on the 18-8 type of steel, 


th Mr. Harper’s request. It might be said that down to aly c 





ent. there is no deterioration in the shock resistance on the 















Shock Resistance of 18-8 


Temperature Izod Value 
Room 120.0 (machine capacit) 
S* .<- 120.0 
-50 117.0 
80 113.0 


Liquid Air 57.0 





or effecting economies by the use of these low alloy steels at temper 
iding for himself what the low limit is going to be. We have 
sumed 10 foot-pounds for purposes of discussion. Perhaps in som 
is an engineer would rather have a higher minimum. Should it b 
ie would be restricted to the 18-8 type. If he feels that 10 foot-pounds 
satisfactory, in view of the fact that the ductility and the tensil 
ire high, he can go to low alloy steels, as here shown. 
leForest’s comment regarding notch brings up one of our favorite 
is he well knows. In the course of this investigation we did not test 
specimens unnotched, although we have done so in the past. In th 
specimens the values usually follow the run of the static figures 
, we do not want notches in our engineering structures, and it 
en our point of view that we test notched bars not because we expect 
otches in our final structures but because engineering structures ar 
complex stresses. It is not a straight case of simple tensile stress 
all cases the stresses are at least two-dimensional, and often thre 
al. The ductility of material in two- or three-dimensional stress 
different from that in single-dimensional stress. Theoretically, 
e any way to get balanced three-dimensional stress in tension, failut 
iotched impact test is a criterion of the ability of the material to dis 
e two- and three-dimensional stresses, and have had some indicattot 


is S¢ 


not only on theoretical grounds but in practice as well 


111? 


respect to Mr. Cunningham’s discussion, the 3 per cent chrom 


° . ° . ° . } sat 
rails, which he notes particularly, has now been in service for about 


During this period no troubles have been encountered. It is, therefor 






rail Ste el he Cause 


> ‘ 
Russian experime! 


quench be 
fails tO ive 
assume that they 
of tests made between 
Our work has shown that certai 
it low temperatures and we fai 
hould in any way disprove it 
our opinion the never-ending discussion as to the comparative virtue 
Izod and the Charpy machines is largely academic What we want is 
thing that will give us a relative order of magnitud 
cent one way or another | little difference 
in temperature, even when the curve re fairly 
rr the difference in order of lagen | und % 
ind while there may be a change in temperatur: 
the Izod, the difference between vari specime! 
order of magnitude \ll specimens become 
Stress | ly after removal from the cooling medium and as 
tically, 11 s an insulating layer slight differences in time thereafter have 
he zirconium steel does show a rather steep drop in impact with tem 


Wi - perature, as pointed out by Mr. Pilling, but that drop, wh teep, occurs 


Ve 11s . - ° q 
lal to d I aitter 50 degrees Cent. has been passed. I : the useful 
indicatio tmospheric 1 the drop is very small 

1 terring again to our reasons for choosing the normalizing treatment, 


ceentestints ee at ; 
chromiu ithough there are other methods of heat treatment there are certainly 1 


for abou ii’ 


ple and as readily applicable as normalizing, particularly if we stop 


T 
I 
1 
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1 ™ _ 7 . 
1e larger pressure vess¢ 


are expt bout atmospheric work and come to some of t 
therefor re being di . 2ctio | ta} mac at onan all- 
eing used in connection with certain types of oxygen installation 
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process, and certain of the chemical industries. 


it them in any drastic way would be actually hazardous. 


One other point that was brought up is the difference betwee: 


tory steels and the commercial steels. We are very fully awar 


because of it have purposely listed the laboratory steels and comm 
in two separate tables. There is one thing about the laboratory ste« 
been confirmed by Mr. Strauss’s comments. To the best of our kn 
have never as yet had a laboratory-made steel that did not show 
han were obtained with the commercial steels later on. 
manganese-vanadium steels were also tested and are amon; 
group, but as Mr. Egan pointed out, the chromium-copper 


markedly above all of the others. 
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PUBLICATIONS OF THE AMERICAN SOCIETY, 
FOR STEEL TREATING 


The present publications of the American Society for Steel 
Treating are as follows: 


Metal Progress (issued moathly) 

National Metals Handbook (biennially) 

The Review (monthly except July and August) 
TRANSACTIONS (monthly beginning Nov. 1931) 


Each of. these publications is mailed to every member of 
the society im good standing. Junior members receive all of 
these publications as issued excepting the National Metals 


Handbook, which may be secured by a Junior member for an 
additional ‘fee of $2.50. 


Merat Procress 

Metal Progress i ig a monthly publication of the scilety: Its 
editorial content includes material of current interest pre- 
sented in a readily understandable manner so that it has a 
special appeal to executives, operating and technical staffs. 
Fine typography and a generous use of illustrations are em- 
ployed. It is devoted to the broad field of metals, their alloys 
and treatments. Included in dues. 


Tue Nationa, Metats Hanpsoox 


This Handbook is the most up-to-date compilation of pro- 
duction methods, data, recommended practices and useful 
knowledge available. ‘It is designed for those interested in the 
manufacture, treatment, use and working of metals i in both the 
ferrous and nonferrous fields. This Handbook is issued at 2 
or 3 year periods depending upon the amount of new material 
which is compiled and approved by the Recommended Prac- 
tice Committee of the American Society for Steel Treating. 
This Handbook i is included in dues. 


‘True Review 


The Reviews: is a monthly newspaper, containing reports of 
chapter activities and general society activities and other items 
of interest to the membership. Included in dues. 


TRANSACTIONS 
Beginning with November, 1931, Transactions will be 
published et and is included in dues. It will contea 
those papers and discussions presented to the society and 
judged by the publicati on committee to be of permanent inter- 
est and value. This will supersede the policy of eeomting 
such papers annually i in bound ee, 





Return Your Old 
Handbook 


The new edition of the National Metals 
Handbook published by the American So- 
ciety for Steel Treating is now being dis- 
tributed to all members of the society in 
good standing who have returned their old 
Handbook. 


The usefulness and value of this great work 
has increased a thousand fold since fully 100 
new articles have been added and the orig- 
inal articles have been completely revised 
and brought up to date. 


Every member will want to possess a copy 
of this premier metallurgical reference 
book, Ali that you need to do is to return 
your old copy of the 1930 edition (now ob- 
solete) to the AMErrcan Society for STEEL 
TreaTING, 7016 Euclid Avenue, Cleveland, 
Ohio, and your copy of the new 1933 edition 
will be sent to you promptly, free and 
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